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Abstract: This study aims to understand the influence of the Mascarene High (MH) on October to 

December (OND) rainfall and their associated atmospheric circulation anomalies in East Africa 

(EA) region with a focus on Rwanda. The relationship between Mascarene high indices and 

rainfall over the study area was revealed. The Mascarene East Ridge index presented significant 

correlation (r=0.53) with OND rainfall.  Further investigation indicated that MH moves eastwards 

from its normal position, the rainfall was abnormally increased while when MH moves westwards 

from its normal position the rainfall deficit were noted over the study region. Associated 

atmospheric circulation anomalies (wind, velocity potential, sea surface temperature) show a close 

relation with the zonal movement of the Mascarene eastern ridge. The region was dominated by 

westerly winds at a lower level (850hPa) and easterly wind at high level (200hPa) during 

eastwards movement of MH. As the MH moves to east it gets weakened; the southerlies wind 

advected moisture from western equatorial Indian Ocean and reached Rwanda after being 

deflected by mountain Kenya and Kilimanjaro as north easterlies and easterlies converging with 

westerlies from Congo airmass. While during the westward position, the reverse was observed. 

Wet years i.e. 1997, 2002 and 2006 occurred when the MH moves eastwards, peaking in 1997 

where it extends up to 10°E of its normal position; while the dry years i.e. 1981, 1993, 1996, 1998, 

2005 coincide with west MH movement. Sea surface temperature over Indian Ocean and 

Mascarene East Ridge were positively correlated with significance level higher than 0.05 level. It 

was noted that when the Mascarene East Ridge moves to the East position, the Sea surface 

temperature gets warmer (positive anomaly) and cooler (negative anomaly) during West position.  
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1. Introduction 

Rainfall variability, especially over East Africa 

(EA) region, has been a topic of the several studies 

with different themes subjected to the cause of its 

interannual variability and was found to be among the 

complex rainfall system. (IPCC 2007, 2014; Peterson 

et al., 2013, Nicholson, 1996). Rainfall variability has 

strong influence on the economy of the region which 

is based on rain-fed agriculture (IPCC, 2007). 

Therefore its predictability is an important aspect to 

be addressed in climate research (Darand et al., 2017).   

The equatorial rainfall is mostly controlled by the 

Inter-Tropical Convergence Zone (ITCZ), the zone of 

interference of air-masses flowing equator ward from 

both hemispheres (Hu et al., 2007). The zone ranges 

over the equator as it oscillates north-south between 

15°N and 15°S that lags behind the overhead sun 

during a period of about 30 days. Forming a well-

defined convergence line of winds from the both 

hemispheres to induce rainfall throughout the year 

(Alex et al., 2015; Anyah and Semazzi, 2006; Ookola, 

1996; Mutemi, 2003; Sagero et al., 2018). 

Over Rwanda, the ITCZ moves northward from 

February to May, and southward from October to 
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December. Dry and cold air masses (Siberian 

anticyclones) from the Arabian Sea are pushed by 

winter monsoon over Lake Victoria and yield 

humidity, which gives a little rainfall in the highlands 

from December to February (Anyah and Semazzi, 

2007; Clark et al., 2003; Ilunga et al., 2004, 2008; 

Indeje et al., 2000; Kizza et al., 2009; Mutai et al., 

1998; Mutai and Ward, 2000). El-Niño/Southern 

Oscillation is among climate modes that influence 

also the rainfall over EA with anomalous SSTs (Lyon, 

2014; Bowden and  Semazzi, 2007; Shreck and 

Semazzi , 2004, Black et al., 2013) through 

determining the onset of rainfall and seasonal pattern , 

wet /dry during El Nino event/La nina events 

(Mutemi et al., 2003). 

Higher rainfall observed in the most parts of East 

Africa during El Nino year, following a spell of 

rainfall defici t(Nicholson, 1996)).; later have  shown 

that However during La Nina (El-Nino), the 

equatorial surface westerlies generally  strengthened 

(weakened) together with zonal pressure gradient, 

both influenced the East African rainfall during OND 

season (Hastenrath and  Polzin, 2004;  Kijazi and 

Reason, 2004). During Warm ENSO phases, the Lake 

Victoria region records warmer and more humid 

conditions, while in neighboring central Tanzania 

condiions remain warmer and drier (Plisner et al., 

2000). The two regions with the most dominant 

ENSO influences are East Africa (October to 

December) and Southern Africa (November-

February). However, Indian Ocean Dipole potentially 

drives the  climate of East Africa rather than ENSO 

phenomenon. Contrarily f positive anomalous rainfall 

during OND reported to be linked with normal ENSO 

years over Rwanda (Muhire and Ahmed, 2015).  

The east Africa rainfall was proved to be driven 

also by the anomalous SST over the Indian Ocean 

through the Dipole mode index as per Saji et al. 

(1999), showing opposite SST pattern over the 

western equatorial IO to Eastern Equatorial IO vice 

versa during positive (negative) phases. Thus 

inducing significant anomalies in the seasonal 

circulation over the Indian Ocean and the regional 

climate (Marchantet al. 2006, Deshpande et al., 2014) 

A strong connection between IOD and the El-

Niño/Southern Oscillation\ENSO) (Ashok et al., 2003, 

Li et al., 2002; Dommenget et al., 2011) was found, 

supported by the results of Yuan et al (2008) in their 

study of IOD Variability, they found also possible 

connection between the IOD and ENSO phenomena 

through the “atmospheric bridge”; And to have an 

influence local and regional climate; some studies 

have suggested the variability of IOD was governed 

by Ekman heat transport related to the Mascarene 

high with ENSO (Annamalai et al, 2005; Tozuka et al. 

2007). Where during the positive phase of IOD, 

Convection shifts to the west and gives rise to an 

excess rainfall over the E.A (Beheraet al., 1999; Saji 

and Yamagata, 2003; Yamagata et al., 2004). 

The weather of EA is also influenced by the four 

high-pressure systems i.e Mascarene High, St Helena, 

Azores and Arabian high, (Ongoma et al., 2016). 

Mascarene High found to play a leading role in the 

interaction between both hemispheres through SSTs 

and Wind anomalies in the Indian Ocean (Huang, 

1987, Tang, 1989, Morioka et al., 2015). 

Mascarene High induced by Indian subtropical 

Dipole (IOSD) characterized the behavior of the 

pressure system of southwest-northeast dipole 

through SST anomalies (Morioka et al., 2015). 

Recently Manatsa et al. (2014) showed the variations 

in the location of the M.H center influences to the 

variability of the east African rainfall and reviewed 

by (Ongoma et al., 2016), where they found that the 

anomalously displaced to the west (east) of Eastern 

Ridge normal position, the South Easterly trade winds 

over the SIO were anomalously strengthened 

(weakened). The shifts of the ridge help in the 

advection of relatively cooler and less moist low-level 

airflow over East Africa which turn suppresses 

(enhances) in both regional convection and 

orographic rainfall. 

East African rainfall regime is bimodal, with two 

rain seasons, long rains occurring in March-May 

(MAM) and Short rains of October-December (OND); 

and separated by two dry spells from June-September 

(JJAS), January-February (JF) (Camberlin et al., 2009; 

Owiti and Zhu, 2012; Yang et al., 2015). The climate 

of Rwanda also display the similar pattern of the 

bimodal regime (Clark et al., 2003; Ilunga et al., 2004, 

2008; Anyah and Semmazi, 2007) rainfall variability 

over Rwanda showed a low variability (Megan and 

Robert, 2011). This may be from the location of 

Rwanda which lies under the Equator, where trade 

winds shift from the ITCZ are transported between 

the northern and southern hemispheres anticyclones. 

However this study attempts to contribute to the 

understanding of impacts of the Mascarene high-

pressure system on the rainfall variability over 

Rwanda especially during the short rains OND season.  
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Fig. 1. Map showing the location of weather stations (a) and monthly mean rainfall over Rwanda from CRU 

data(red line) and Station data (dashed black line

Yet studies (Manatsa et al., 2014, Ongoma et al., 

2016) showed the linkages of migration of eastern 

ridge of M.H to influence East African extreme 

weather events, such as it was observed that during 

dry years, MH migration of the ridge to the continent 

inhibits the influx of moisture from the Indian Ocean 

to East Africa. Whereas during wet years, MH 

pressure center shifted to the east (Ocean), moisture 

from the Indian Ocean freely drawn to the continent. 

Those studies focused on the entire region of eastern 

Africa gave the generalized results that may fail to 

capture the mesoscale contribution to the observed 

weather events over Rwanda in details. The current 

study aims to fill that gap. The development of 

knowledge of the influence of MH to Rwanda’s 

climate will have an immense application on the 

forecast of rainfall extreme event over Rwanda which 

is predominantly generated by the traditional 

indicators like ENSO and IOD. 

2. Data and Methodology 

2.1. Study Area 

The study area consists of Rwanda territory 

located beneath equator by 1o4’ and 2o51’ South and 

28o53’ and 30o53’ East and it has an area of 26,338 

km2 (MINIRENA, 2011) (Fig. 1). The country is 

located in the west of East Africa and it is known to 

be called the country of thousand hills, the heart of 

Africa due to its position near the equator, and hilly 
topography varying between 1000 and 4507 m rising 

from low lands in the East to high mountains in the 

west. (Muhire and Ahmed, 2015; Sirven and 

Gotanegre, 1974). 

2.2. Meteorological Data  

Monthly observed rainfall data from 31 different 

synoptic and agro-meteorological stations in Rwanda 

obtained from Rwanda Meteorological Agency, 

Rwanda is used. (Fig. 1 and Table 1). The data covers 

the period of 34 years i.e from 1981 to 2014, 

inclusive. Monthly reanalysis rainfall data of 

0.5ox0.5o spatial resolution from Climate Research 

Unit (CRU ) dataset is used (Harris et al., 2014). The 

same dataset was used by Ongoma et al.,(2016) in 

their studies on spatiotemporal aspects rainfall over 

the East Africa.  

Monthly reanalysis temperature, wind, 

geopotential height, specific humidity from the ERA-

Interim are used to determine circulation anomalies 

are the resolution of 0.5o×0.5o (Dee et al., 2011). 

2.3. Empirical Orthogoncal Function  

Empirical Orthogonal function (EOF) analysis 

identifies the structure of spatial distribution by 

finding a new set of variables that capture most of the 

observed variance from the data through a linear 

combination of the original variables (Fig. 2). (Lorenz, 

1956). EOF analysis is used in this study to 

investigate the dominant modes of rainfall variability 

of October -December over Rwanda. That is to obtain 

the spatio-temporal structures seasonality from 

monthly gridded data. 
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Fig. 2. Spatial mode for (a) EOF1, (b) EOF2, and (c) EOF3 with their time coefficient respectively. 

 

Table 1: Weather Stations of the Study Area with longitude, latitude. 

No 

Weather Station 
Longitude (°E) 

Latitude (°S) 

No Weather 

Station 

Longitude 

(°E) 

Latitude  

(°S) 

1 Nyaruguru 29.46 -2.76 17 Kigali-Airport 30.13 -1.97 

2 Gisagara 29.91 -2.46 18 Byimana 29.72 -2.18 

3 Muhanga 29.7 -2 19 Gicumbi 30.05 -1.6 

4 Ngorero 29.5 -1.76 20 Huye 29.71 -2.6 

5 Rutsiro 29.4 -1.95 21 Nyamasheke 29.05 -2.43 

6 Nyabihu 29.46 -1.6 22 Bugarama 29.02 -2.68 

7 Burera 29.76 -1.38 23 Karongi 29.35 -2.17 

8 Gakenke 29.68 -1.53 24 Musanze 29.6 -1.5 

9 Rulindo 29.91 -1.71 25 Ngoma 30.5 -2.15 

10 Gatsibo 30.4 -1.55 26 Nyamagabe 29.57 -2.48 

11 Rwamagana 30.43 -1.93 27 Rubavu 29.28 -1.67 

12 Rwinkwavu 30.63 -1.96 28 Nyagatare 30.33 -1.3 

13 Kirehe 30.73 -2.28 29 Kawangire 30.45 -1.81 

14 Bugesera 30.45 -2.15 30 Gitega 30.03 -1.95 

15 Kamonyi 29.85 -1.9 31 Rusizi 28.95 -2.54 

16 Nyanza 29.76 -2.34     
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The EOF function is defined by the formula of 

both space and time distributed data as follows: 

   jEA jt

N

j

1,

1




     [1] 

Where N is the number of spatial grid points in the 

data matrix and e 1 stand for the output vector. By 

definition, if e1 explains the largest possible fraction 

of variance in dataset A, then e1 has maximum 

possible “similarity” to the ensemble vectors of the 

whole dataset A. The similarity between e1 and the 

data matrix A at a given timestep t can be quantified 

as thte projection between the two vectors (as from 

Eq.1). The equation is squared to remove error, and it 

should be always positive. Further to prevent the 

domination of eigenvectors, the data is first 

normalized (Walsh and Mostek 1980). The 

standardized rainfall anomaly z  is computed as 

follows:  

Sd

XX
Z


       [2] 

Where X is the observed mean rainfall,  is the long 

term mean and Sd is the rainfall standard deviation. 

The value of z  provides immediate information about 

the significance of a particular deviation from the 

mean as mentioned by Ogwang et al. (2012). 

2.4. Composite Analysis  

This method is widely used in atmospheric science 

analysis for East Africa (Ininda, 1995; Ookala, 1999; 

Ongoma et al., 2012) and Rawanda (Ntwali et al., 

2016; Ngarukiyimana et al., 2016). 

In order to understand the Significance of the 

relationship between the OND rainfall and the 

circulation anomalies, t-test was done of the 

occurrence of the rainfall formation  with the 

composite analysis parameters (cited above).  

The formula for the t-test is given as equation 3:       
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Where 1X and 2X  are the mean samples 1 and 2 

and ,  are sample sizes and   are the standard deviation 
of the sample1 and 2 respectively (Beri, 2005) 

In this study, the averages of OND anomalies (wet 

and dry) were then tested for significance at 95% 

confidence level. 

2.5. Correlation and Regression Analysis  

The correlation analysis is performed to establish 

whether there are some significant relationship 

between sea surface temperature, geopotential height 

field, Dipole Mode Index and rainfall. Correlation 

analysis reveals the simple relationship between two 

variables. 

The simple correlation (rxy) between variables X 

and Y is expressed by the equation 4: 
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yyxx
r

nn
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xy 2222

 [4]  

Values of the correlation coefficientare always 

vary between -1 and +1, where the values tending to 

+1 means that the two variables are stronglyrelated in 

positive linearwhere the values tending to -1  means 

that the two variables are strongly related in negative 

linear.  

Simple linear regression analysis aims at finding 

the relationship between rainfall (dependent variable) 

and geopotential height (independent variable); 

regression analysis is showing how the typical the 

value of rainfall (PC1) changes when any one of 

geopotential height is varied.  

The model of the relationship is applied and 

estimated the linear relation and established the 

regression equation.   

 
xBBy

i 10


    [5] 

Simple linear regression, the sample correlation id 

the square root of the coefficient of determination, 

with the sign of the correlation coefficient being the 

same as the sign of B1, the coefficient of X1 in the 

estimated regression equation. 

 

observed rainfall data from 31 different synoptic 

2.6. Hovmoller Diagram  

Hovmoller diagram was used to show the East-

West shift of East Ridge throughout the study period 

(1981-2014) in the region of Mascarene High. Thus, 

we were able to show the migration of the ridges of 

Mascrane represented by one contour taken to 
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represent the average geopotential height over the region of Mascarene high.  

 

 

 

Fig. 3. Monthly mean geopotential heights at 850 hPa. (a) October, (b) November and (c) December. 

Contour interval is 10 gpm and the contour line of 1530 is in red line. 
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The results plotted the values of mean 

geopotential height (contour) at a fixed latitude on 

one axis (longitude) against time–axis (Hovmoller, 

1949). 

 

2.7. Index of the Ridges 

Ridges of the MH are defined as the average of 

seasonal mean geopotential height in the region of 

30oE-110oE,20oS-10oS; 30oE- 110oE,42oS-35oS; 

25oE- 40oE, 12oS-30oS; 90oE- 115oE,12oS-30oS as 

north, south, west and east respectively and 

mascarene high center index in 40oE-110oE, 25oS-

35oS 

3. Results and Discussion   

3.1. Rainfall Distribution and Modes over 

Rawanda 

Temporal distribution of rainfall along the year 

shows a bimodal system of two rainy seasons’ i.e. 

long rains (MAM) and short rains (OND); two dry 

spells i.e. JF and JJAS . Many scholars suggesting 

that the spatial disproportional of rainfall over the 

country, increasing from Eastern low lands to 

Western highlands (Ngarukiyimana et al., 2016; 

Ntwali et al., 2016). 

EOFs was used to analyze the variability and 

dominant modes, the 1st mode showed the highest of 

the variance of 46.61%, the 2nd mode counted 

14.41%, the 3rd counted 10 % of the total variance. 

The 1st mode was preferred in this study because of 

its highest variance among others and it reflected a lot 

the seasonal spatial distribution of the rainfall. Spatial 

vector showed greater positive loadings South-East 

region. The loadings decreased towards the north and 

western region. The first time coefficient series (PC1) 

presented four years above the threshold (+1), those 

years were considered as wet years i.e 1982, 1997, 

2002, 2006 and six years below the threshold (-1) 

considered as dry years i.e 1981, 1993, 1996, 1998, 

2005. 

3.2. Characterization of Mascarene High (MH) 

Mascarene Subtropical High greatly influences the 

climate over the African continent, it was found that 

the low-level jet at the western edge of the 

Mascarenes subtropical high transport a large amount 

of water vapor into Africa (Manatsa et al, 2014). 

Therefore, the position, shape, and strength of the 

MH was studied and results are presented below. 

It has been noted by (Lu, 2002) and (Hui and 

Shuqing, 2003) that the contours intervals are not 

important when one focuses on the shape and wind 

strengths of a high. While at 200hPa the subtropical 

high disappeared over the central Indian Ocean and 

close contours were observed over the western coast 

of Australia. Moreover, the 850-hPa heights are more 

familiar and have not shown much difference in the 

features of the Mascarene Subtropical High as those 

of 925 hPa.  Therefore we preferred to use 850 hPa 

height to describe Mascarene Subtropical. 

Monthly mean Geopotential Height of OND 

showed an eastward retreat which may be indicated 

well by the contour of 1530 gpm (Fig. 3) especially 

the west ridge shifted from continent to the ocean 

considerably in the east. At the East Ridge, in 

October, the contour was above around 100oE and 

shifted eastward slightly in November, and while in 

December, the contour was approximately near 110oE. 

It is clear (Fig. 3) that the system was moving 

eastward from October to December, though monthly 

contours didn’t depict clearly the shift but interannual 

anomalies depicted it well. The eastward migration of 

the Mascarene High ridge from October to December 

from its normal position weakens the south east trade 

winds over the South Indian Ocean. This leads to 

reduction of the relatively cool and dry south east 

trade winds and induces warm sea surface 

temperature anomaly in the Ocean. Therefore, 

convection over the western equatorial of the South 

Indian Ocean is enhanced leading to rainfall excess 

over the larger part of study region . 

Table 2: Summary of the Correlation Coefficients between Ridge Indices 

 North Ridge 

Latitude 

South Ridge 

Latitude 

West Ridge 

Longitude 

East Ridge 

Longitude 

North Ridge 

Latitude 

1 -0.009 0.677 0.87 

South Ridge 

Latitude 

-0.009 1 0.265 0.058 

West Ridge 

Longitude 

0.677 0.265 1 0.47 

East Ridge 

Longitude 

0.871 0.058 0.47 1 
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Fig. 4. Time series of OND anomalies for (a) Sea 

Level Pressure, (b) Geopotential Height at 850hPa, 

averaged in the MH region 40o-105oE, 25o-35oS and 

for (c) MH East Ridge displacement anomalies 

(based on 1530 gpm contour). 

3.3. Mascarene High index and its Ridges  

The MH Index is defined as the average of the 

geopotential height over the region of 40oE-110oE 

and 25oS-35oS, in this study, the averaged Sea Level 

Pressure of the period from 1981 to 2014 of OND 

mean is used to define mascarene high center 

intensity (Fig 4). But for preferences, OND mean 

850hPa geopotential height averaged over the same 

region was used to define the MH Index as per 

(Manatsa et al., 2014) and (Hui and SUN Shuqing, 

2005) . They defined the index as the geopotential 

height anomaly averaged in the region of the 

subtropical high. Although the trend showed the 

similar tendency and the isolines describing the 

spatial pressure. Patterns are more robust at 850 hPa 

level than at sea level pressure. 

Further ridges are defined by the averaged 

anomaly of geopotential height in their regions (Fig. 

5). The cross correlations among four ridge indices is 

shown in Table 2. The correlation coefficient between 

East Ridge and North Ridge is 0.87, this suggests that 

the eastward shifts of East Ridge are accompanied 

with southward shift of North Ridge. This is also seen 

by the correlation coefficient between West Ridge 

and North ridge which is 0.67, which implicates that 

when West Ridge moves to the east, north Ridge 

follows southward.  

 

 

 
Fig. 5. Latitude ridge Indices for North and South and Longitude ridge indices for West and East 
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Fig. 6. Geopotential Height composite (a) for EP, (b) for WP from the period of 1981-2014. Solid (dashed) 

contours are OND Hgt (EP and WP). 

North Ridge, West Ridge and East Ridge are close 

related as seen from correlation coefficient (0.87, 

0.67, and 0.47) this suggest a strong link between 

these three ridges and move in coherent manner, thus 

when the East Ridge tends to move eastward, north 

ridge falls southward, and west ridge slightly moves 

to the east. 

3.4. The Movement of Ridge Indices 

The movement of Mascarene High Ridges show 

that the North Ridge Latitude was swinging around 

14oS during the period 1985-2008 then swaying 

southward to 21oS and northward again in the later 

years. While South Ridge Latitude was swinging 

around 35oS, during 1980-2010, then swaying in the 

northward to 28oS. 

West Ridge Longitude was moving between 32oE-

40oE during the period of 1981-2000, then after 

shifted in the east to 60oE. While East Ridge 

longitude was swaying around 100oE during 1981-
1993, and then abruptly shifted west-east to 110oE in 

1997.  

The index of East Ridge Longitude Index is used 

to depict the east-west displacement (its zonal shift). 

Here reference is made on the contour of 1530 gpm. 

The years of 1994, 1997, 2006, 2009 as the most 

displacement to the East (Positive anomalies) while 

1995, 2000, 2011 are the most displacement to the 

West. (Negative anomalies) 

Table 3: Years of the anomalous longitudinal 

position of Mascarene Subtropical High 

Position Years  Criterion 

West 

Position  

1984, 1985, 1989, 1995, 

1996, 2000, 2005, 2011 

Negative 

Anomaly < 

2° Longitude  

Neutral 

Position 

1981, 1982, 1986, 1987, 

1988, 1989,  1990, 1991, 

1992, 1998, 1999, 2004, 

2007, 2008, 2010, 2012, 

2013 

-

2°<anomalies

< +2° 

East 

Position  

1983, 1993, 1994, 1997, 

2001, 2002, 2003, 2006, 

2009,  2014 

Positive 

Anomaly >2° 

Longitude 
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Fig. 7: Spatial and temporal correlation of ridges indices and PC1 for (a) north ridge, (b) south ridge, (c) west 

ridge, (d) East ridge, (e) Mascarene High center Index 

The inter-annual variability of East Ridge 

Longitude displays fluctuations tending towards the 
East-West swinging as indicated in Table 3, The 

results show that west displacement is more than east 

displacement, where 10 years presented East 

Displacement i.e. 1983, 1993, 1994, 1997, 2001, 

2002, 2003, 2006, 2009, 2014 and the years of West 
displacement are 8 years i.e1984, 1985, 1989, 1995, 

1996, 2000, 2005, 2011. 
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It can be seen from the Fig. 6d showing the 

position of the east ridge based on the contour of 

1530 gpm at 850 hPa level fluctuates too much 

between 1993 to 2001 swings around 104 °E in 1989 

and 108 °E in 1997 and then swaying westward the 

mean position of MH East ridge but below the 

extreme of East displacement of 1997.  

The result of the composite anomaly of OND-

mean 850 hPa geopotential height in the region of 

east ridge (Fig. 6) shows the east-west movement of 

the Mascarene subtropical high at the east end. 

During positive anomalies, it shifted in the east 

whereas, during negative anomalies, the subtropical 

high withdrew in the west. We defined East Position 

(EP) and West Position (WP) to describe positive 

anomalies and negative anomalies respectively 

through the study.  

3.4. Relationship between Rainfall and Mascarene 

High Indices 

Fig. 7 (a, b, c, d and e) shows the results of 

correlation of the MH Indices with the average 

seasonal October-December (OND) rainfall over the 

study area. The temporal correlation of each index 

with PC1 was calculated. The results show that the 

highest positive correlation was between PC1 and 

Eastern Ridge Longitude with a value of 0.55, 

followed by the correlation between PC1 and North 

Ridge Latitude with a positive value of 0.34. Whereas 

correlation with MH Center Index showed relatively 

positive with a value 0.07, correlation of the west 

ridge longitude with PC1 also was relatively positive 

with a value of 0.03. South ridge latitude correlation 

with PC1 showed slight negative correlation value of 

-0.02.  

Spatial correlation showed similar results with the 

temporal whereby the spatial correlation between 

South Ridge latitude and OND mean rainfall showed 

the value below 0.05 almost above the country except 

north-west part known to be mountainous with 

volcanoes channel.  But the spatial correlation 

between OND Rainfall and West Ridge Longitude 

showed the country to be relative below the value of 

0.05.  

Spatial Correlation of MH Center Index and OND 

rainfall showed to be positively correlated with the 

eastern part increasing in the north of the country 

with high value in the northern part of volcanoes.  

Whereas the spatial correlation of north ridge and 

OND Rainfall shows high value in the south-east of 

the country, this is confirmed by the greatest spatial 

correlation of East Ridge and OND rainfall which 

showed high value in the same region of the South-

East. For further analysis, how Mascarene subtropical 

high system influences the rainfall over the study 

region, and after the correlation results, a detailed 

study of the East Ridge longitude as it presented to 

have highest correlation coefficient, on the spatial and 

temporal scale. 

3.5. Longitudinal Position of the East Ridge and 

Precipitation 

The results from correlation map between rainfall 

and East Ridge longitude showed high correlation 

coefficients over the study area above 0.45 among all 

other correlation. Further investigation on how the 

movement of the subtropical high influences the 

rainfall over the study area was carried out. 

 
Fig. 8: Composite Anomalies of Rainfall (a) for EP, (b) for WP [solid (dashed) contour for positive (negative) 

anomalies; contour interval: 5 mm per season]. 
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Fig. 9. Scatterplot of the East Ridge longitude anomaly in (o) and PC1. Linear Trend, regression coefficient 

(R2) and p-value (p) are respectively at each section.

Table 4: Correspondence of Wet-Dry years and East 

Ridge Longitudinal Position 

Wet Years Dry Years 

Years PC1 East Ridge 

Lon (o) 

Years PC1 East Ridge 

Lon (o) 

1982 1.95 0 1981 -1 -1 

1997 2.4 9.5 1993 -1.48 2 

2002 1.61 3.5 1996 -1 -3.5 

2006 1.63 6 1998 -1 -0.5 

   2005 -2.36 -3 

 

The results from composite anomalies of rainfall 

(Fig. 8) during east position and west position reveal 

the presence of positive rainfall composite anomalies 

during the east position. Which indicated that when 

Mascarene subtropical high weakens and orients itself 

in the southeast position, has freely let the moisture 

from Ocean Indian to penetrate the continent. This 

concur with the previous study by (Manatsa and 

Behera, 2014).  

While negative rainfall composite anomalies were 

happening during the west position of Mascarene 

Subtropical High. The results of composite rainfall 

anomalies agree with the founding of (Manatsa et al., 

2016) and (Ogwang et al., 2015b) both studies found 

the high linkage of the MH to east African rainfall.  

Table 3 shows that most of the wet years i.e. 1997, 

2002, 2006 all occurred when the Subtropical High is 

in east position, peaking in 1997 extending eastward 

the mean position above 10°; On the other hand, the 

dry years of 1981, 1993, 1996, 1998, 2005 occurred 

with west position, mainly the most disastrous 

droughts of 1993 and 2005 coincided with the 

extreme westward shift of east ridge (Hastenrath and 

Polzin, 2007). 

Table 4 displays the east, west, neutral position 

years with their corresponding rainfall index from 

PC1; It can be seen that 30 % of east position 

occurred in wet years, 10 % of east positions occurred 

with dry years, while 60% of the east position 

generally occurred in normal years (Fig.9). The 25% 

of the west position occurred in dry years whereas 75% 

of the west position occurred in normal years. Only 6 % 

of neutral position occurred in wet and dry years 

respectively (Table 5). Moreover wet years were 

profoundly linked and occurred in east position and 

neutral. Whereas dry years mainly occurred in west 

position and some was occurring in neither west nor 

neutral position. 

3.7. Correlation and Regression Analysis of 

Longitudinal Position of the East Ridge and 

Precipitation 

The linear relationship of East Longitude Ridge 

with PC1 is weak and not significant with p value of 

0.018, though the eastward shift shows strong linear 

relationship when moves 2o from the normal position 

of Mascarene east Ridge the rainfall showed to 

increase with significant regression coefficient of 

0.46 with p value of 0.03 while the westward shift 

shows very low regression coefficient value of 0.16 

and the rainfall decreases. 
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Fig. 10. Composite Wind anomaly Vector for EP years at (a) 925hPa, (c) 850hPa, (e) 200hPa and for WP years 

at (b) 925hPa, (d) 850hPa, and (f) 200hPa over Rwanda. 

3.8. Circulation Anomalies Associated with East-

West Position of East Ridge Longitude  

3.8.1. Winds  

The wind composite anomaly pattern at low level 

(850 hPa); During  EP, the study area was 

characterized by westerlies (Fig. 10c) while at high 

level (200hPa); the study area was characterized by 

easterlies (Fig. 10e). During  (WP); at low level 

(850hPa) the study area was dominated by south-

easterlies (Fig. 10d). While at high level (200hPa), 

the study area was dominated by westerlies (Fig. 10f).  

The wind pattern at 925 hPa shows westerlies 

converging with north-easterlies over the study area 

during east position while during West Position , the 

study area was dominant by south-easterlies without 

any convergence. This condition was not favorable 

for precipitation formation over the study region and 

can be attributed to the dry events observed during 
west movement   
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Table 5. Correspondence of East Position, Neutral Position and West Position with Rainfall Index (PC1) 

E.P Years W.P Years N.P Years 

Years PC1 E. R. Lon (o) Years PC1 E. R. Lon (o) Years PC1 E. R. Lon (o) 

1983 0.70 2 1984 0.17 -3.5 1981 -1 -1 

1993 -1.48 2 1985 -0.85 -3 1982 1.95 0 

1994 0.47 7 1989 0.72 -2 1986 0.001 1.5 

1997 2.48 9.5 1995 -0.84 -4.5 1987 -0.61 0.5 

2001 0.85 2.5 1996 -1 -3.5 1988 -0.002 -1 

2002 1.61 3.5 2000 0.66 -6 1990 -0.20 0.5 

2003 -0.57 2.5 2005 -2.36 -3 1991 -0.68 -0.5 

2006 1.6 6 2011 0.61 -9.75 1992 0.09 1.5 

2009 0.26 4    1998 -1 -0.5 

2014 -0.03 2.5    1999 0.38 -0.5 

      2004 -0.58 -1.5 

      2007 -0.37 -1 

      2008 -0.64 1 

      2010 -0.85 0.5 

      2012 0.14 -0.5 

      2013 0.09 0.5 

 

3.8.2. Velocity Potential  

The anomaly fields of velocity 

potential/divergence (convergence) associated with a 

composite of EP and WP are displayed. Fig. 11(a) 

reveals the lower level for East Position were 

characterized by convergence, especially over the 

region. This was accompanied by rising motion thus 

associated with rainfall formation; south-easterlies 

from the Indian Ocean converging with westerlies 

from Atlantic ocean contributed to the formation 

center in the region of  10°S-10°N,  and 20°E-50°E. 

While forWest Position (Fig. 11b) were characterized 

by divergence were observed over the same region. 

 

 
Fig. 11. Composite Velocity Potential and convergent (divergent) wind at 850hPa (a)  EP years and (b) 

WP years; and at 200 hPa (c) EP years and (d) WP years. 
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Fig.12. OND SST composite anomalies for (a) E.P observed Years, (b) W.P observed Years and correlation 

between OND SST with (c) Mascarene High center Index, (d) Mascarene East Ridge;  (solid (dashed) contour 

are positive (negative) correlation coefficients, shaded area are significant at 95%). 

 

Fig. 11c reveals the upper level for East position 

were characterized by divergence, over the region of 

10°S-10°N, and 20°E-50°E experienced three centers 

of divergence among which over the western Indian 

ocean and east African. While for 11(d) West position 

were characterised by convergence over the same 

region encountered centers. 

3.9. Sea Surface Temperature Analysis  

Sea surface temperature is known for being the 

source of rain formation moisture through 

evaporation, thus being a key point to influence the 

rain. Its variability is linked d to rainfall variability. 

Studies showed that the decline in rainfall in East 

Africa is attributed SST perturbation over the Pacific 

Ocean (Yang et al., 2015; Ogallo, 1989; Black et al., 

2003), Atlantic Ocean, and Indian Ocean known as 

El-Nino Southern Oscillation (ENSO), North Atlantic 

Oscillation, Indian Ocean Dipole respectively (Saji, et 

al., 1999; Owiti, et al., 2008) 

Fig. 12a displays the composite anomaly of SST 

during east position  of the East Ridge longitude, it 

reveals positive anomalies especially in the region of 

equatorial west indian ocean and this may imply a 

major link between the eastward shift of Mascarene 

East Ridge and positive SST anomalies. Whereas 

Figure 12b displays the composite anomaly of SST 

during west position of the East Ridge, results show 

negative anomalies in the same region. The results 

from composite anomaly of SST during east position 

of the Mascarene East Ridge and SST during west 

position of the Mascarene East Ridge  are in 

agreement by Morioka et al. (2012) showing the 

northeast-southwest oriented SST dipole with the 

Mascarene High being strengthened in the 

northernmost part of the Southern Indian Ocean; and 

recently (Morioka et al., 2015) showed that amplitude, 

location, and shape of the SST anomaly poles are 

strongly linked with those of the SLP anomalies, 

suggesting that a better representation of the SLP 
anomalies may be required to simulate the SST 

anomalies associated with the IOSD. 
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Fig. 13. Mechanism of the influence of Zonal Shift of East Ridge event on OND Rainfall 
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Fig.12 c, d displays the correlation between SST 

and Mascarene High center Index and East Ridge 

Longitude. the correlation between SST and East 

Ridge Longitude show positive correlation coefficient 

in the western equatorial Indian Ocean with 

significance (shaded area are significant above 0.05 

level). This shows that when the east ridge shifts 

eastward, SST rises over the western equatorial 

Indian Ocean. Whereas the correlation between SST 

and Mascarene High center index showed negative 

correlation coefficient in the western equatorial 

Indian Ocean (Fig.13). 

4. Conclusion  

This study aimed at investigatingthe influence of 

Mascarene subtropical high and the associated 

circulation anomalies on Rwanda’s precipitation since 

1981-2014 during the short rains season from October 

to December (OND). The relationship between 

Mascarene high indices and rainfall over the study 

area was revealed, only the East Ridge index 

presented significant result (r=0.53) and show that 

when MH moves eastward from its normal position, 

the rainfall was abnormally increased while when 

MH moves westward from its normal position the 

rainfall was abnormally decreased. Associated 

anomalies of atmospheric circulation (wind, velocity 

potential, sea surface temperature) show a close 

relation with the zonal movement of the eastern ridge. 

Wind anomaly patterns present southerlies and 

easterlies from the Indian Ocean entering the 

continent during eastward position at a lower level 

(850hpa). As the Mascarene High weakened; the 

southerlies advected moisture from western equatorial 

Indian Ocean and reached Rwanda after deflected by 

mountain Kenya and Kilimanjaro as north easterlies 

and easterlies converging with westerlies from Congo 

airmass. While on the other hand during the westward 

position, presented the reverse. Wind surface (925hPa) 

showed to be easterlies dominant than northeasterlies 

during east position while during west position 

presented northwesterlies wind were obeserved 

without any convergence. Further investigation 

reveals that when the East Ridge is in the East 

Position, the SST is warm than normal (positive 

anomaly) and cooler (negative anomaly) during West 

position. 
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EA, East Africa; ENSO, El-Niño/Southern 

Oscillation; EOF, Epmirical Orthogonal Function; EP, 
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Januray-February; JJAS, June-July-Ausgust-

SeptemberEl-Nino Southern Oscillation (ENSO); 
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OND, October-November-December; SST, sea 

surface temperature; WP, West Position. 
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