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Influence of the Mascarene High on
October-December Rainfall and their Associated
Atmospheric Circulation Anomalies over Rwanda

Idrissa F. Nkurunzizal, Tan Guirong? Jean PaulNgarukiyimana?’, Celestin Sindikubwabd

Edit_%d by: Abstract: This study aims to understand the influence of the Mascareng(Midghon October to
\évgj,{,ls'\,f}smwersny’ December (OND) rainfall and their associated atmospheric circulation anomalies in East Africa
Islamabad Pakistan (EA) region witha focuson Rwanda The relationship betweeNascarenehigh indices and
Reviewed by: rainfall over the study area was revealed. The Mascarene East Ridge index presented significant
5099“ Sori Gomez correlation (r=0.53) with OND rainfall. Further investigation indicated that MH moves eastwards
niversity ofVigo, Spain . .. . . .
Brian Ayugi, from its normal position, the rainfall wasradrmally increased while when MH moves westwards
Nanjing University of from its normal position the rainfallleficit were noted over the study regioAssociated N

'T'g‘;[]"r:gltg)gf;slgfr:}fnega”d atmospheric circulation anomalies (wind, velocity potential, sea surface temperature)cbsey a @

China relationwith the zonal movement of the Mascarene eastern ridge. The region was dominated
westerly winds at dower level (850hPa) and easterly wind at high level (200hPa) during ©
Reqleived eastwards movement of MH. As thH moves to east it gets weakened; the southerlies wind >
April 8, 2019 advected moisture from western equatorial Indian Ocean and reached Rwanda after bepyt
Accepted . - . . . . .
July 23 2019 deflected by mountain Kenya amdlimanjaro as north easterlies and easterlies converging with ¢
Published Online westerlies from Congo airmass. While during the westward position, the gevassobserved. LU
September 32019 Wet years i.e. 1997, 2002 and 2006 occurred whernMthemoves eastwards, peaking in 1997 2

where it extends up to 1B of its normal position; while the dry years i.e. 1981, 1993, 1996, 1998,
2005 coincide with westMH movement.Sea surfaceemperatureover Indian Ocean and
Mascarene East Ridge were positively correlated with significance level higher than 0.05 level.
was noted that when the Mascarene East Ridge moves to the East positiSeatkarface
temperaturgyets warmer (positivenmmaly) and cooler (negative anomaly) during West position.
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The equatorial rainfall is mostly controlldy the
Inter-Tropical Convergence Zone (ITCZ), the zone of
Rainfall variability, especiallyover East Africa interference of aimasses flowing equator ward from
(EA) region has been a topic of the several studiggoth hemispheredH( et al., 200y. The zone ranges
with different themes subjected to the cause of igver the equator as it oscillates nestiuth between
interannual variability and was found to be among thE6°N and 15°S that lags behind theedwead sun
complex rainfall systemIPCC 2007, 2014; Petersonduring a period of about 30 dayBorming a weH
et al, 2013, Nicholson, 1996Rainfall variability has defined convergence line of winds from the both
stronginfluence on the economy of the region whicthemispheredo inducerainfall throughout theyear
is based on raifed agriculture IPCC, 2007. (Alex etal., 2015Anyah and Semazzi, 2006; Ookola,
Therefore its predictability is an important aspect t4996; Mutemi, 2003Sagero et al., 20).8
be addressed in climate reseafolarand et al., 2037

1. Introduction

Journal of Environmental & Agricultural Science

Over Rwanda, the ITCZ moves northwdrdom
Februaryto May, and southwardrom Octoberto
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December. Dry and cold air masses (Siberianfluence local and regional climate; some studies
anticyclones) from the Arabian Sea are pushed Ihave suggested the variability of IOD was governed
winter monsoon over Lake Victoria and vyieldby Ekman heat transport related to the Mascarene
humidity, which gives a litd rainfall in the highlands high with ENSO(Annamalaiet al, 2005; Tozuka et al.
from December to FebruanAflyah and Semazzi, 2007). Where during the positive phase of 10D,
2007; Clark et al., 2003; llunga et al., 2004, 2008 onvection shifts to the west and gives rise to an
Indeje et al. 2000; Kizza et al., 2009; Mutai et al.,excess rainfall over the E.Béheraet a].1999; Saji
1998; Mutai and Ward, 2000 ElNifio/Southern and Yamagate2003; Yamagata et ak004).

Oscillation is among climatenodes that influence

also the rainfall over EA with anomalous SSTgd, high-pressure systems i.e Mascarene High, St Helena
2014; Bowdenand Semazzi, 2007; Shreck and grp ySt : gn, '
. Azores and Arabian high,Ofhgoma et al., 2016
Semazzi , 2004, Black et .al2013 through . . k
o . Mascarene High found to play a leading role in the
determining the onset of rainfall and seasonal pattern . .
) . . interaction between both hemispheres through SSTs
wet /dry during ElI Nino event/La nin events

(Mutemi et al., 2008 and Wind anomalies in the IndiaOcean luang

1987, Tang1989, Morioka et al 2015.
Higher rainfall observeéh the most parts of East R . .
Africa during E Nino year following a spell of Mascarene High induced by Indian subtropical

. .2 = ) Dipole (IOSD) characterized the behavior of the
rainfall deficit(Nicholson, 1996); later have shown .
that Howeveg during La l?i)na (ENino), the pressure system of southwestrtheast dipole

equatorial surface westerligenerally strengthened through SST anomaliesMprioka et a, 2019.
(weakened) together with zonal pressure gradien ecentlyManatsa et al2014)showed the variations

both influenced the East African rainfall during OND t.he'l.ocatlon of the M'H center influences to the
ariability of the east African rainfall and reviewed

season(Hastenrath and Polzin, 2004; Kijazi an
. y (Ongoma et al.2016, where they found that the
Reason, 2004 During Warm ENSO phases, the Lake nomalously displaced to the west (east) of Eastern

Victoria region records warmer and more humi%. o ;
" L . ) . Ridge normal position, the South Easterly trade winds
conditions, while in neighboring central Tanzania

. ) 7 . over the SIO were anomalously strengthened
condiions remairwarmer and drier Rlisner et al.,

. . . weakened). The shifts of the ridge help in the
2000. The two regions with the most domlnam( : : :
ENSO influences are East AfricgOctober to advection of relatively cooler and less moist {@wel

Decembey and Southern Africa (November airflow over East Africa which turn suppresses

February. However, Indian Ocean Dipole potentialIygergh?:(ﬁi)r;?nfaﬁom regional - convection  and
drives the climatef East Africa rather than ENSO grap '

The weather of EA is alsmfluenced by the four

phenomenonContrarilyf positive anomalous rainfall East African rainfall regime is bimodal, with two
during ONDreportedto be linked with normal ENS rain seasons, long rains occurring in Maktay
yearsover RwandaNluhire and Ahmed, 2035 (MAM) and Short rains of Octobdédecember (OND);

and separated by two dry spells from J&sptember
; JJAS), JanuanfFebruary (JF)Gamberlin et a).2009
also by the anomalous SST over the Indian Oce Witi andZhu, 2012; Yang et al2015. The climate

through the Dipole mode index as p8aji et al of Rwanda also display the similar pattern of the

(1999) showing opposite SST pattern over th%imodal regimeClark et al, 2003; llunga et gl 2004,

y;sst:rngg#ﬁtonalols%\}g E(isete;rtlivlz?uatﬁggleslo \gﬁiZSOOB; Anyahand Semmazi, 200)7rainfall varability
g P g X : ;ver Rwanda showed a low variabilitii¢gan and

The east Africa rainfall was proved to be drive

'r?duc'”.g significant ar_lomalles in the season obert, 201L This may be from the location of
circulation over the Indian Ocean and the region da which li der th h q
climate Marchantet al. 2006, Deshpande et al., 201 wanda which lies under the Equator, where trade
: ' " winds shift from the ITCZ are transported between
A strong connetion between IOD and the -El the northern and southern hemispheres anticyclones.
Nifio/Southern OscillatidENSO) @shok et al, 2003,

Li et al, 2002; Dommenget et 312017 was found, However this study attempts to contribute to the

suwpported by the results ofuanet al (2008)in their understanding of impacts of _the Maspar_e_ne Tigh
pressure system on the rainfall variability over

study of 10D Variability, they found also possible ; . :
connection betwan the 10D and ENSO phenomenaRwanda especially during the short rains OND season.

through the fatmospheric bridgebo; And to have an

(2) Journal of Environmental and Agricultural Sciences (JEAS)
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Fig. 1. Map showing the location of weather stations (a) anchonthly mean rainfall over Rwanda from CRU
data(red line) and Station data (dashed black line

Yet studies Manatsa et al., 2014, Ongoma et alwest. (Muhire and Ahmed, 2015; Sirven and
2016 showed the linkages of migration of easter&Gotanegre, 1974
ridge of M.H to influence East African extreme22 MeteorologicalData
weather events, such as it was observed that during” 9
dry years, MHmigration of the ridge to the continent Monthly observed rainfall data from 31 different
inhibits the influx of moisture from the Indian Ocearsynoptic and agrmeteorological stations in Rwanda
to East Africa. Whereas during wet years, Mtbbtained from Rwanda Meteorological Agency
pressure center shifted to the east (Ocean), moistiRe/anda is used. (Fid and Table 1)The data covers
from the Indian Ocean freely drawn to the continenthe period of 34 years i.e from 1981 to 2014,
Those stuiks focused on the entire region of easterimclusive. Monthly reanalysis rainfall data of
Africa gave the generalized results that may fail 16.50x0.50 spatial resolution from Climate Research
capture the mesoscale contribution to the observebhit (CRU ) dataset is use#idrris et al 2014. The
weather events over Rwanda in details. The curresame dataset was used ©ygoma et al.,(@16) in
study aims to fill that gap. The development ofheir studis on spatitemporalaspectsrainfall over
knowledge o f t he i nfluence ihdEasMfiica.t o Rwandads
climate will have an immense application on the

. .~ Monthly reanalysis temperature, wind,
forecast of rainfall extreme event over Rwanda which d . e S
. . - eopotential height, specific humidity from the ERA
is predominantly generated by the tradition

S , aInterim are used to determine circulation anomalies
indicators like ENSO and 1QD are the resolution of ®80.5° (Dee et al., 2011

2. Data and Methodology 2.3. Empirical Orthogoncal Function

2.1.Study Area Empirical Orthogonal function (EOF) analysis

The study area consists of Rwanda territor}dentiﬁes the structure of spatial distribution by
located beneath equator b$416 @511d6 2S o u finding 2 Reyv set of variables that capture most c_)f the
285306 #Mm36 3Mast and it rPBS§rved yariagce drgm t@er data grough g linear
km? (MINIRENA, 2011) (Fig. 1) The country is combination of the original variabl¢Big. 2). (Lorenz,
located in the west dEast Africa and it is known to 1959. EOF analysis is used in this study to
be called the country of thousand hills, the heart dpvestigate the dominant modes of rainfall variability
Africa due to its position near the equator, and hill fOctobe_r—December over Rwanda. That is to obtain
topography varying between 1000 and 4507 m risiri}€ Spatietemporal structures seasonality rfro
from low lands in the East to high mountains in thE'onthly gridded data.

(3) Journal of Environmental and Agricultural Sciences (JEAS)
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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 . o No Weather Longitude Latitude

Weather Station Longitude (°E) Latitude (°S) Station (°E) (°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 In this study, the averages of OND anomalies (wet
both space and time distributed data as follows: and dry) were then tested for significance at 95%
confidence level.

N
- : i 25. Correlation and Regression Analysis
a A(t,j) Eil) [1]

j=1 The correlation analysis is performed to establish
whether there are some significant relationship
Where N is the number of spatial grid points in thgetween sea surface temperature, geopotential height
data matrix and e $tand for the output vector. By field, Dipole Mode Index and rainfall. Correlation

definition, if el explains the largest possible fraC'[iOI@_nalysis reveals the simple ridamship between two
of variance in dataset A, then el has maximu®gwariables.

possible Asimilarityo to_the enﬁem?le vect_oES
whole dataset A. The similarity between el and the 1N€ Simple correlation (rxy) between variables X
data matrix A a@ given timestep t can be quantifiec®"d Y IS expressed by the equaibn

as thte projection between the two vectors (as from ng xy- (a X)(a )

Eq.1). The equation is squared to remove error, and g = _

hould b [ itive. Further t t the ¥ . 2 Ne .. 2 2. 2z
shou e always positive. Further to prevent the \/nax_(x).gnay_gay%w

of

domination of eigenvectors, the data is first
normalized Walsh and Mostek 1980 The
standardized rainfall anomaly z is computed as Values of the correlation coefficientare always
follows: vary betweenl and +1, where the values tending to
_ +1 means that the two variables are stronglyrelated in
7 = X-X 2] positive linearwhere the values tending-1o means
Sd that the two variables are strongly related égative

linear.
Where X is the observed mean rainfall, is the long

term mean and Sd is the rainfall standard deviation. SiMPle linear regression analysis aims at finding
The value of z provides immediatddrmation about the relationship between rainfall (dependent variable)
the significance of a particular deviation from thénd geopotential height (independent variable);

mean as mentioned Iygwang et al. (2012). regression :_'Jmalysis is showing how the typical the
value of rainfall (PC1) changes wheny one of

2.4 Composite Analysis geopotential height is varied.

This method is widely used in atmospheric science The model of the relationship is applied and
analysis for East Africalifinda, 1995; Ookala, 1999; estimated the linear relation and established the
Ongoma et al., 2012and RawandgNtwali et al., regression equation.

2016; Ngarukiyimana et al., 20116

In order to understand the Significance of the y, = Bo+ BlX [5]
relationship between the OND rainfall and the ' _ o
circulation anomalies, -test was done of the Simple linear regression, the sample correlation id
occurence of the rainfall formation with thethe squareoot of the coefficient of determination,

Composite ana|ysis parameters (C|ted above)_ with the sign of the correlation coefficient being the

o ] same as the sign of B1, the coefficient of X1 in the
The formula for the-test isgiven as equation:3  ogtimated regression equation.

= X1- Xz s,s, [3] observed rainfall data from 31 different synoptic

o 2 2 ~O ~
\/anlsl +n2S; Cai_'_ig 2.6. Hovmoller Diagram

cn+n, -2 sen, N,z Hovmoller diagram was used to show the East
_ _ West shift of East Ridge throughout the study period
Where X1and X2 are the mean samplesatd 2 (19812014) in the region of Mascarene High. Thus,

and , are sample sizes and are the standard deviati{$h\were able to show the migration of the ridges of
of the samplel and 2 respectiveBefi, 2005 Mascrane represented by one contour taken to

(5) Journal of Environmental and Agricultural Sciences (JEAS)
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representthe average geopotential height over theegion of Mascarene high.
(a) October

EQ

108 -

20S -

20E ' 70E 80E 90E 100E 110E 120E

(b) November

EQ

108 -

20S -

308 -

20E 30E 40E 50E 60E 70E 80E 90E 100E 110E 120E

(c) December

EQ

108 -

308 -

408 i T ! i T T i
20E 30E 40E 50E 60E 70E 80E 90E 100E

Fig. 3. Monthly mean geopotential heights at 850 hPa. (a) October, (b) November and (c) December.
Contour interval is 10 gpmand the contour line of 1530sin red line.
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The results plotted the values of mearB.2. Characterization of Mascarene High (MH)
geopotential height (contour) at a fixed latitude on
one axis (longitude) against tiirexis (Hovmoller,
1949).

Mascarene Subtropical High greatly influences the

climate over the African continent, it was found that

the lowlevel jet at the western edge of the

. Mascarenes subtropical high transport a large amount

2.7 Index of the Ridges of water vapor into Africa Nlanatsa et al, 20)4
Ridges of theMH are defined as the average ofTherefore, the position, shape, and strength of the

seasonal mean geopotential height in the region B wasstudied and results are presented below.

30°E-110E,20°S-10°S;  3CE- 110E,42S-35°S; .

O5E. 40°E, 12S30°S; 90E- 11FE,12S30°S as ., . Nas been noted by, 2003 and tui and

huging, 200B that the contours intervals are not

north, south, west and east respectively an .
mascarene high center index in°BA10E, 25°S- iImportant when one focuses on the shape and wind

355 strengths of a high. While at 200hPa the subtropical
high disappearedver the central Indian Ocean and

3. Results and Discussion close contours were observed over the western coast
. o of Australia. Moreover, the 88@Pa heights are more
3.1. Rainfall Distribution and Modes over familiar and have not shown much difference in the

Rawanda features of the Mascarene Subtropical High as those
Temporal distribution of rainfall along the yearof 925 hPa. Terefore we preferred to use 850 hPa
shows a bimodal syst em heighttogdegcsibe Maggarene Subtopicdlons o i . e .

long rains (MAM) and short rains (OND); two dry  Monthly mean Geopotential Height of OND
spells i.e. JF and JJAS . Mawsgholars suggesting showed an eastward retreat which may be indicated
that the spatial disproportional of rainfall over thgyg| by the contour of 1530 gpm (Fig. 3) especially
country, increasing from Eastern low lands tene west ridge shifted from contimeto the ocean
Western highlands Ngarukiyimana et al., 2016; considerably in the east. At the East Ridge, in
Ntwali et al., 201§ October, the contour was above around °EO&nd

EOFs was used to analyze the variability anghifted eastward slightly in Novem_ber, and while
dominant modes, thist mode showed the highest of2€cember, the contour was approximately neafB.10
the variance of 46.61%, the 2nd mode countddl iS clear (Fig 3) that the system wasnoving
14.41%, the 3rd counted 10 % of the total varianc&astward from October to December, though monthly
The B mode was preferred in this study because 0Nt our s di dndét depict clear|
its highest variance among others and it reflected a Rffomalies depicted it well. The eastward migration of
the seasonal spattidistribution of the rainfall. Spatial theé Mascarene High ridge from October to December
vector showed greater positive loadings Seist frc_)m its normal position We_akens teeuth east trade
region. The loadings decreased towards the north affflds over the South Indian Ocean. This leads to
western region. The first time coefficient series (PCfduction of the relatively cool and dry south east
presented four years above the threshold (+1), thoé@de winds and induces warm sea surface
yeas were considered as wet years i.e 1982, 19dgmperature anomaly in the Ocean. Therefore,
2002, 2006 and six years below the thresheld ( Convection over the western eq_uatorlal Qf the South
considered as dry years i.e 1981, 1993, 1996, 1gg|gg|an Ocean is enhanced leading to rainfall excess

2005. over the larger part of study region .
Table 2: Summary of the Correlation Coefficients between Ridge Indices
North Ridge South Ridge West Ridge EastRidge
Latitude Latitude Longitude Longitude
North Ridge 1 -0.009 0.677 0.87
Latitude
South Ridge -0.009 1 0.265 0.058
Latitude
West Ridge 0.677 0.265 1 0.47
Longitude
East Ridge 0.871 0.058 0.47 1
Longitude

(7) Journal of Environmental and Agricultural Sciences (JEAS)
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3.3. Mascarene High index and its Ridges

The MH Index is defined as the averagfethe
geopotential height over the region of°BA1CE
and 28S-35°S, 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., 20)4and Hui and SUN Shuging,
2005 . They defined the index as the geopotential
height anomaly averaged in the region of the
subtropical high. &hough 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 regiqfe.
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 Ridgd his 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. 4. Time series of OND anomalies for (a) Sea
Level Pressure, (b) Geopotential Height at 850hPa,
averaged in the MH region 406-105°E, 25-35°S and
for (¢) MH East Ridge displacement anomalies
(based on 153@pm contour).
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Fig. 6. Geopotential Height composite (a) for EP, (b) for WP from the period of 1982014. Solid (dashed)
contours are OND Hgt (EP and WP).

North Ridge, West Ridge and East Radare close The index of East Ridge Longitude Index is used
related as seen from correlation coefficient (0.87p depict the eastiest displacement (its zonal shift).
0.67, and 0.47) this suggest a strong link betweétere reference is made on the contour of0L§Bm.
these three ridges and move in coherent manner, thtse years of 1994, 1997, 2006, 2009 as the most
when the East Ridge tends to move eastward, nodisplacement to the East (Positive anomalies) while
ridge falls southward, and west ridglightly moves 1995, 2000, 2011 are the most displacement to the

to the east. West. (Negative anomalies)
3.4. The Movement of Ridge Indices Table 3: Years of the anomalous longitudinal
osition of Mascarene Subtopical High

The movement of Mascarene High Ridges sh Osition Years Criterion
that the North Ridge Latitude was swinging arou”g\lest 1984, 1985, 1989, 199t Negative
140S during the period 198808 then swaying pogition 1996, 2000, 2005, 2011  Anomaly <
southward to 210S and northward again in the later 2° Longitude
years. While South Ridge Latitude was swingingyeytral 1981, 1982, 1986, 1987 -
around 35S, during 1982010, then swaying in the pgsition 1988, 1989, 1990, 1991 2°<anomalies
northward to 28S. 1992, 1998, 1999, 200¢ < +2°

West Ridge Longitude was moving betweefE32 282; 2008, 2010, 201
40‘_’E du_rlng the period of 1982900, then z_;lfter East 1083, 1993, 1994, 1997 Positive
shifted in the east to 6B. While East Ridge o

) X . Position 2001, 2002, 2003, 200¢ Anomaly >2
longitude was swaying around P&0during 1981 2009 2014 Longitude
1993, and then abruptly shifted westst to 112 in :
1997.
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