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Influence of Mascarene High and Indian Ocean 
Dipole on East African Extreme Weather Events

Introduction
The East African region has always experienced ex-
treme weather events which cause huge losses of life 
and property. It is therefore of great importance to 
have a good understanding of previous climate events 
and their impacts so as to make more accurate and re-
liable forecasts to minimize the impact of these ex-
treme occurrences. The most important climate ele-
ment in the tropics, where the domain of this study 
lies is rainfall (Shisanya, et al., 2011; Funk, Brown, 
2009; Okoola, 1998; Ogwang, et al., 2014; Ongoma, 
2013). This is because the economy of the countries 
in the Greater Horn of Africa (GHA) is mainly rely 

on rain fed agriculture. The economies are also driv-
en mainly by hydropower which is equally affected by 
extreme weather events especially drought (Kaunda, 
2012).

Three countries of the East African region (Kenya, 
Tanzania and Uganda) constituted the domain of this 
study. This domain is located within the latitudes 5ºN 
and 12ºS and longitudes 28ºE and 42ºE (Figure 1). The 
three countries share Lake Victoria; the largest lake 
in Africa.

Rainfall over East Africa exhibits a large spatial 
and temporal variability (Indeje, et al., 2001; Oettli, 
Camberlin, 2005; Mutai, et al., 1998). The spatial vari-
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Abstract

Extreme weather and climate events such as floods and droughts are common in East Africa, causing 
huge socio-economic losses. This study links the east African October-December (OND) rainfall, Indian 
Ocean Dipole (IOD) and Mascarene High (MH).Correlation analysis is applied to quantify the relation-
ship between the index of IOD (Dipole Mode Index (DMI)) and OND rainfall. Results show that there 
exists a significant correlation between OND rainfall and DMI, with a correlation coefficient of 0.6.Dur-
ing dry years, MH is observed to intensify and align itself in the southeast-northwest orientation, 
stretching up to the continent, which in turn inhibits the influx of moisture from Indian Ocean into East 
Africa. During wet years, MH weakens, shifts to the east and aligns itself in the zonal orientation. Mois-
ture from Indian Ocean is freely transported into east Africa during wet years. Analysis of the drought 
and flood years with respect to the different variables including wind, velocity potential and divergence/
convergence revealed that the drought (flood) years were characterized by divergence (convergence) in 
the lower troposphere and convergence (divergence) at the upper level, implying sinking (rising) motion, 
especially over the western Indian Ocean and the study area. Convergence at low level gives rise to ver-
tical stretching, whereas divergence results in vertical shrinking, which suppresses convection due to 
subsidence. Positive IOD (Negative IOD) event results into flood (drought) in the region. The evolution 
of these phenomena can thus be keenly observed for utilization in the update of seasonal forecasts.
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ation has been attributed to the existence of large 
scale systems and local systems such as inland wa-
ter bodies which include Lake Victoria, Tanganyika 
and Kyoga, among others and a complex topography. 
The two main rainfall regimes experienced in the re-
gion are March-May (MAM) season; ‘long rains’ and 
October-December (OND); ‘short rains’ (Camberlin, 
Okoola, 2003; Owiti, Zhu, 2012; Okoola, 1996; Yang, et 
al., 2015). The two rain seasons coincide with the pas-
sage of the Inter Tropical Convergence Zone (ITCZ) 
over equator that lags behind the overhead sun by 
about a month, while the wet seasons are separated 
by two dry spells from June to August and January to 
February (Okoola, 1996; Mutemi, 2003). However, the 
annual cycle of rainfall in the southern parts of Tan-
zania becomes more unimodal with an austral sum-
mer maximum in southernmost areas (Ogallo, 1988). 
This is largely associated with the southern migration 
of the ITCZ across the western Indian Ocean into that 
region.

Many studies (e.g. Mutemi, 2003; Ogallo, 1988; 
Smith, Semazzi, 2014; Lyon, 2014; Bowden, Semaz-
zi 2007; Shreck, Semazzi, 2004; Ropelewski, Halpert, 
1987; Nicholson, 1996; Indeje, et al., 2000; Black, et al., 
2013) have investigated and linked rainfall over east 
Africa with El Niño-Southern Oscillation (ENSO). 
Mutemi (2003) for instance observed a strong relation-
ship between rainfall over east Africa and evolution-
ary phases of ENSO. The results showed that ENSO 
plays a significant role in determining the month-
ly and seasonal rainfall patterns in the East African 
region. In general, it is argued that floods are like-
ly to occur in the region during El-Niño events and 

droughts tend to occur during La Nina events. Be-
hera et al. (2005) noted that the Indian Ocean Dipole 
(IOD) has an overwhelming influence on the East Af-
rican short rains (October to December) as compared 
to that of the ENSO. The IOD has two phases; posi-
tive and negative phases; the positive (negative) phase 
is associated with flood (drought) events in the region 
(Muhati, et al., 2007; Saji, et al., 1999).

The weather over East Africa is also influenced by 
the four high pressure systems: Mascarene, St. Helle-
na, Azores and Arabian Ridge (Manatsa, et al. 2014; 
Sun, et al., 1999). The weather systems have been wide-
ly used in short to extended - range forecasting (Sun, 
et al., 1999). However, the influence of these systems 
on seasonal and annual rainfall over East Africa has 
not been intensively investigated. A recent study by 
Manatsa et al. (2014) on impact of Mascarene High 
(MH) variability on the East African ‘short rains’ es-
tablished that droughts in East Africa are associated 
with a westward migration of the MH eastern ridge. 
However, the study pointed out that the relationship 
between MH and flood events and their link to an 
eastward migration of the MH is unclear.

The intensity of the ITCZ has a significant effect 
on the rainfall received in a given locality; it thus 
plays ITCZ plays a crucial part in the rainfall vari-
ability over East Africa (Black et al., 2003). This is a 
subject that has been ignored in many studies. Ac-
cording to Anyamba, Ogallo (1985), the position, and 
weakening and strengthening of ITCZ is to some ex-
tent influenced by the strength of southeasterly trade 
winds associated with the MH variability. The inten-
sity of the south east (SE) trade winds thus provides 
a reasonable explanation to development of drought 
and floods in East Africa. The MH has great influ-
ence on the position of the meridional arm of the 
ITCZ, which is the main influence of rainfall season-
ality over East Africa. According to Sun et al. (1999), 
the weakening of MH lead to the eastward shift of 
the meridional arms of the ITCZ, which is associat-
ed with wet years.

The primary motivation for undertaking this study 
is to investigate the effect of Mascarene High on of 
East Africa rainfall during the recent decades when 
the global warming signal has been rapidly intensify-
ing. In order to understand the circulation patterns/
mechanisms, this study investigates the circulation 
patterns associated with wet (flood) and dry (drought) 
events, in regard to the linkage between wind anom-
alies over Indian Ocean and IOD events, and the in-
fluence of Mascarene high with respect to wet and 
dry events of rainfall over the region. The outcome of 
this research will help in improving the accuracy and 
timeliness of the weather forecast in the region, this is 
key for socio-economic development.

Figure 1. Map of East Africa
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Data and methods

Data
The availability of long-time climate data over east Af-
rica, like the rest of Africa continues to experience 
some difficulties (Camberlin, Philippon, 2002). More 
so, the available data are also riddled with numerous 
gaps in both space and time (Shreck, Semazzi, 2004). 
These limitations in the quantity and quality of in situ 
observations impose substantial constraints on diag-
nostic studies of the regional climate (rainfall) varia-
bility (Owiti, Zhu, 2012). Proxy rainfall datasets have 
therefore been used in the region in studies where spa-
tial resolution and study period are of importance.

In this study, the precipitation (rainfall) dataset 
(1950 - 2010) used is the Global Precipitation Clima-
tology Centre (GPCC) monthly precipitation dataset 
provided from 1901-present. It is calculated from the 
global station data (Schneider et al., 2013). GPCC Pre-
cipitation data is provided by the NOAA/OAR/ESRL 
PSD, Boulder, Colorado, USA, from their Web site at 
http://www.esrl.noaa.gov/psd/ .

The SST data (1950 - 2010) used is the Extended Re-
constructed Sea Surface Temperature (ERSST) ver-
sion3b from the National Oceanic and Atmospher-
ic Administration/National Climatic Data Center 
(Smith et al., 2008), available in their website at http://
iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.
ERSST/.version3b/.sst/.

Reanalysis fields from the National Center for En-
vironmental Prediction/National Center for Atmos-
pheric Research (NCEP/NCAR) (Kalnay et al., 1996), 
including zonal and meridional wind and geopoten-
tial height, with a horizontal resolution of 2.5° × 2.5° 
were also used.

The Dipole Mode Index (DMI) is an index used to 
quantify Indian Ocean Dipole (IOD) is used in this 
study, it has by been used by a number of studies 
(e.g. Behera et al., 2005; Muhati et al., 2007; Saji et al., 
1999). The intensity of the IOD is given by anomalous 
SST gradient between the western equatorial Indian 
Ocean (50°E-70°E and 10°S-10°N) and the south east-
ern equatorial Indian Ocean (90°E-110°E and 10°S-
0°N). When the DMI is positive, the phenomenon is 
known as the positive IOD event and when it is neg-
ative, it is referred to as negative IOD event. The DMI 
used in this study is the seasonal average from June 
till November for the period 1958 to 2006, normal-
ized by the standard deviation of the DMI (available 
online at http://www.jamstec.go.jp/frcgc/research/d1/
iod/HTML/Dipole%20Mode%20Index.html).

Methods
Composite analysis involves identifying and averag-
ing one or more categories of fields of a variable select-

ed according to their association with key conditions. 
Results of the composites are then used to generate 
hypotheses for patterns which may be associated with 
the individual scenarios (Folland, 1983). In this study, 
the key conditions for the composite analysis are wet/
flood and dry/drought events, where the composites 
for wet and dry years were separately done, especial-
ly for wind, geopotential height, velocity potential/di-
vergence, and SST. This is mainly to detect the circu-
lation anomalies associated with wet/dry events. A 
number of authors have used composite methods in 
their analyses over the east African region (Okoola, 
1999; Ininda, 1995; Ogwang, et al., 2012).

Simple Correlation analysis reveals simple relation-
ship between pairs of variables (Wilks, 2006). In this 
study, correlation analysis is aimed at quantifying/dis-
playing the relationship between DMI and OND rain-
fall over east Africa. Schreck, Semazzi (2004) found 
that the second most significant OND regional pre-
cipitation EOF mode was significant over this region. 
The mode is characterized by decadal variability and a 
dipole rainfall loading pattern.

Results and discussion
Figure 2 presents interannual variability of OND 
spatially-averaged rainfall anomalies (rainfall index 
(RF)); and DMI for 1958 - 2006. The amplitude of var-
iability of RF is generally higher than DMI over the 
study period. The years 1951, 1961, 1982, 1997, and 2006 
were identified as wet years while 1998 and 2005 were 
considered dry years (Figure 2). The identification of 
dry and wet years was based on the interannual stand-
ardized rainfall anomaly; +1 and –1 for wet and dry 
years respectively. The categorization of above and be-
low normal years employed herein is similar to the ap-
proach used by Zhi (2001) and Tan et al. (2014). The 
years 1997 and 2005 are the most pronounced years as 
the wet and dry years respectively in the recent past.

DMI generally exhibits a significant positive corre-
lation with both the rainfall index (RF) and the spatial 
rainfall over east Africa (Figure 7). 

Analysis of the geopotential height at 850 hpa to 
depict the behavior of Mascarene subtropical High 
(Mascarene High), where 1530 gpm contour is chosen 
and its behavior examined during wet and dry years. 
Results show that during dry years (Figure 3b), Mas-
carene High intensifies and aligns itself in the south-
east - northwest orientation, stretching up to the con-
tinent (reaching about 30°E, with the center around 
70°E, 30°S, at 1560 gpm), which in turn inhibits the 
influx of moisture from Indian Ocean into east Afri-
ca by influencing the air flow. During wet years (Fig-
ure 3a), Mascarene High weakens (withdraws up to 
about 45°E, with the center around 80°E, 25°S at 1550 
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gpm) and aligns itself in the zonal orientation. Mois-
ture from Indian Ocean is freely transported (by east-
erly winds) into East Africa during wet years.

Figure 4 shows composite mean anomaly of veloc-
ity potential and divergent/convergent winds in the 
lower (850 hpa) and upper (200 hpa) levels over east 
Africa and western Indian Ocean during wet and dry 
years. During wet years, there is convergence at low 
levels and divergence at the upper levels (Figure 4a, 
c). The contrary is observed in the dry years, where 
convergence occurs in the upper level and diver-
gence in the lower level (Figure 4b, d). Convergence 
at low level gives rise to vertical stretching, whereas 
divergence results in vertical shrinking, which sup-

presses convection due to subsidence (Barry, Chor-
ley, 2003).

In order to understand the prevailing circulation 
patterns and SST anomaly over the Indian Ocean dur-
ing IOD events, the wind (superimposed on SST) pat-
terns at 1000 hpa is examined. The climatology of OND 
winds along equator (between longitudes 60°E – 100°E, 
dotted line) over Indian Ocean is characterized by 
westerly flow. This flow is noted to be reversed during 
positive IOD events (Figure 5c). During dry years (Fig-
ure 5b), the westerly flow in the central equatorial Indi-
an Ocean is enhanced towards the maritime continent 
(between longitudes 80°E and 100°E). During a positive 
IOD event, there exists an anomalous warm pool over 

Figure 2. Inter-annual variability of the east African OND rainfall index (RF) for the period 1950-
2010 (based on GPCC data), and DMI (1958-2006). Datasets are standardized using their respective 
standard deviations. A significant correlation coefficient of 0.6 at 99% level of significance is observed
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the western Indian Ocean and an anomalous cold pool 
over the south eastern zone. The warm and cold pools 
are reversed during the negative IOD events.

Further analysis of the annual cycle of rainfall un-
der three cases (i.e. Positive IOD years (IOD*), years 
immediately after positive IOD years (IOD+1) and the 
long term mean (LTM)), focusing on OND season re-
veals that higher rainfall amounts are recorded during 
positive IOD years than the climatology of OND rain-
fall over the region. Years after positive IOD events 
generally experience less OND rainfall compared to 
the LTM (Figure 6, Table 1). The annual rainfall varia-
tion with variation in IOD is highest in the OND sea-

son as compared to the MAM season. This is in con-
sistency with earlier studies (e.g. Mutai, Ward, 2000; 
Nicholson, 2004).

Table 1. The mean OND rainfall (RF), averaged over east 
Africa [28oE-42oE, 12oS-5oN], showing three categories; 
the long term mean (LTM) based on 1971-2000, IOD*, 
and IOD+1 (defined earlier). RID denotes rainfall increase 
or decrease

RF (mm) RID (mm)

LTM 94.5

IOD* 149.1 54.6

IOD+1 75.3 -19.2

Figure 4. Composite mean anomaly of velocity potential (×106m2s-1)/ divergent (convergent) winds 
at 850hpa (a) wet years (b) dry years, and at 200hpa (c) wet years (d) dry years. Contours represent 
velocity potential and are at 0.1x106 m2s-1 intervals (for 850hpa) and 0.2×106 m2s-1 (for 200hpa). 
Vectors show wind divergence/convergence
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Figure 5. (a) OND climatology of surface wind (vector) and sea surface temperature (SST, shaded)over Indian Ocean (b) 
Composite mean anomaly of OND surface wind/SST during years of negative events of IOD (1958, 1974, 1975, 1992), 
and (c) same as (b) but for positive events of IOD ( 1961, 1972, 1994, 1997)

Figure 6. The annual cycle of rainfall used to examine the October to December (OND) rainfall over 
east Africa under three cases (Positive IOD years (1961, 1967, 1972, 1982, and 1997), denoted by 
IOD*, years immediately after positive IOD events (1962, 1968, 1973, 1983, and 1998), denoted by 
IOD+1, and the long term mean (LTM))
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Conclusion
The east African region generally experiences a bi-
modal rainfall regime. The most common extreme 
weather events in the region are floods and drought. 
The amplitude variability of RFI is generally high-
er than DMI over the study period, with a significant 
correlation coefficient of 0.6 between the two.

MH and IOD greatly influence the east African ex-
treme weather events.MH is observed to intensify and 
align itself in the southeast - northwest orientation, 
stretching up to the continent, which in turn inhib-
its the influx of moisture from Indian Ocean into east 
Africa. During wet years, MH weakens, its pressure 
centre shifts to the east and it aligns itself in the zon-
al orientation. Moisture from Indian Ocean is freely 
transported into east Africa during wet years. During 
dry years, MH is observed to intensify and align itself 
in the southeast - northwest orientation, stretching up 
to the continent, which in turn inhibits the influx of 
moisture from Indian Ocean into east Africa.

Analysis of the drought and flood years with respect 
to the different variables including wind, velocity po-
tential and divergence/convergence vectors revealed 
that the drought (flood) years were characterized by di-
vergence (convergence) in the lower troposphere and 
convergence (divergence) at the upper level, implying 
sinking (rising) motion, especially over the western In-
dian Ocean and the study area. Convergence at low lev-
el gives rise to vertical stretching, whereas divergence 
results in vertical shrinking, which suppresses convec-
tion due to subsidence (Barry, Chorley, 2003).

Positive IOD (Negative IOD) event results into 
flood (drought) in the region. The evolution of these 

phenomena can thus be keenly observed and applied 
in seasonal forecasting to avert the huge losses associ-
ated with extreme weather events. 

During wet years, the wind circulation is observed 
to converge in the low levels over the western Indian 
Ocean and diverge in the upper levels, the opposite is 
observed in dry years. The IOD is observed to be pos-
itive during wet years and negative during dry years. 
The development and evolution of these phenomena 
can be therefore be closely monitored in the update of 
seasonal forecasts.
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