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A B S T R A C T

This study diagnoses the cause of the upper-level warm temperature anomaly (UWTA) associated with
March–May (MAM) heavy rainfall of 1980–2010 in Tanzania in terms of the empirical orthogonal function
(EOF), singular value decomposition (SVD) and dynamical diagnosis. EOF reveals the dominance of enhanced
UWTA over the entire study region with strong warming to the northern coast, central, south-western highlands
(SWH) and western part of the country. SVD depicts a monopole positive co-variability between the UWTA of the
entire study area and SSTA over the entire domain of the Indian Ocean with strong positive coefficients to the
central equatorial and western Indian Ocean (WIO). The lead-lag correlation coefficients between the three
months running mean for the normalized WIO SSTA and UWTA indices show that, the UWTA formation starts
early before MAM with the highest peak in February–April (FMA). The ascending branch of the Walker circu-
lation is the dominant primer for the vertical uplift of warm moist air from the WIO during MAM while con-
vective coupled Kelvin waves (CCKWs) dominate in FMA season. In both seasons, strong positive zonal tem-
perature advection anomalies over the WIO spread towards the study area thereby dominating diabatic cooling
and further increase the upper-level tropospheric temperature. Thus, diabatic heating due to enhanced uplift of
warm and moist air from enhanced warm SSTA of the WIO warms the upper-level troposphere (i.e., also the
UWTA) of the study area through the zonal temperature advection.

1. Introduction

Climate extremes related to excessive rainfall events over wide re-
gions in African continent have brought into socio-economic con-
sequences to millions of peoples' livelihood. A profound devastating
impact is strongly observed on rain-fed agriculture, pastoralism (Verdin
et al., 2005),water, food security (Viste et al., 2013; Verdin et al., 2005)
and public health (Epstein, 1999). An improved forecast through a
better understanding of the circulation anomalies responsible in pro-
ducing the above average rainfall in the region is needed to reduce the
severity of such outbreaks and ameliorate human suffering. Some stu-
dies have been carried out in Africa trying to relate the influence of the
local forcing by sea surface temperature (SST) in the adjacent Atlantic
and Indian Oceans together with a remote teleconnections from the
tropical Pacific Ocean (Giannini, 2003). However, there are little in-
formation on the mechanism associated with the March–May (MAM)

rainfall (long rain season) variability in East Africa (Camberlin and
Philippon, 2002) and Tanzania in particular. Notably, some researchers
(Cadet, 1985; Reverdin et al., 1986; Beltrando and Camberlin, 1993;
Hastenrath et al., 1993; Mutai and Ward, 2000) have revealed that El-
Niño Southern Oscillation (ENSO) has impacts on African's long rain.
Specifically, the El-Niño Modoki events tend to induce significant
rainfall enhancement over the northern tropical Eastern Africa during
MAM season through anomalous changes in Walker circulation (Preethi
et al., 2015). However, some early studies (Ogallo, 1988; Ogallo et al.,
1988; Hastenrath et al., 1993; Rowell et al., 1994; Phillips and
McIntyre, 2000) noted insignificant correlation between East Africa
long rain season and either the atmospheric or oceanic component of
ENSO based on different temporal and spatial scales. Some studies (i.e.,
Behera et al., 1999; Latif et al., 1999; Black et al., 2003; Hastenrath,
2007) showed a coherent association of the Indian Ocean dipole (IOD)
with several flooding events across East African region. According to
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Preethi et al. (2015), the positive IOD events are associated with en-
hanced rainfall activities over Eastern Africa through the anomalously
strengthened tropical easterly jet stream. Notably, the co-occurrence of
the canonical El-Niño Modoki and positive IOD may tend to induce
strong anomalous enhancement in rainfall over the Eastern Africa re-
gion. The Indian Ocean can exert much more influence on rainfall near
around in comparison with the rest Oceans (Fang et al., 2017, 2018;
Ummenhofer et al., 2009). Goddard and Graham (1999) related SST,
moisture flux and wind circulation patterns with rainfall over East
Africa. The basin-wide warming in the Indian Ocean is associated with
significant enhancement of rainfall over the northern tropical Eastern
Africa (Preethi et al., 2015). Okoola (1989) and Hills (1978) found the
existing relationship between wind circulation patterns and rainfall
over East Africa. On the other hand, Camberlin and Philippon (2002)
noted the positive correlation in extra-tropical south-west Atlantic
Ocean towards the end of the long rain and more extensively in the
equatorial Indian Ocean. Rowell et al. (1994) found that; a poor or late
start of the MAM season is connected with a cool tropical North
Atlantic. It's clear that, afore mentioned research findings put more
emphasis on the impact of surface/low-level circulation anomalies but
still a gap exists in ascertaining any strong and robust atmospheric or
oceanic forcing of the East African long rain season.

In our recent study (i.e., Mafuru and Guirong, 2018) trying to assess
the upper-level warm temperature anomaly (UWTA, in hereafter the
300-hPa warm temperature anomaly) and its impact on prone areas to
heavy rainfall during MAM season in Tanzania, we found that, the
UWTA has a direct influence/impact on MAM heavy rainfall. It influ-
ences the (1) formation of upper-level horizontal wind divergence (2)
strengthening the upper-level westerly winds (3) formation of the low-

pressure cell at low levels. The overall effect is towards accelerating
vertical ascent, deepening the surface low pressure for enhanced con-
vective processes and heavy rainfall events (HREs) formation over the
northern sector of Tanzania which was mostly affected. Few studies
have embarked on the linkage existing between the UWTA and the
severity of climate anomalies worldwide. On their work (Jiang et al.,
2013) to investigate the variation and predictability of the winter time
upper-tropospheric temperature (UTT) over Asia, they realized an often
linkage of the UTT with severe climate anomalies and associated fea-
tures of large scale circulation and surface climate. Meanwhile, Zhang
and Zhou (2012) reported that the upper-level tropospheric warm
anomaly reinforces the formation of an anticyclonic (cyclonic) anomaly
above (below) most areas in northern China. The major feature of the
event was towards strengthening (weakening) westerly winds to the
North (South) of the warm center pushing the high-level westerly jet to
the North. Consistently, the cyclonic anomaly deepens the trough up-
stream of central northern China and intensifies lower south-westerly
winds to the mid-East of the warm center. As a result, the northerly
stretched high-level jet produces the upper-level divergence in its right-
front side while the intensified south-westerly winds induce lower
moisture convergence in its left-front side fostering heavy rainfall in
central northern China.

Given the important roles and previous devoted works on the
characteristic mechanisms of the UWTA but still further research on the
dynamics and its sources remain uncertain. To bridge this gap, the
current study focuses on the inter-annual variation of the UWTA in
Tanzania associated with HREs of the 1980–2010 MAM rainfall season
aiming at (1) identifying distinct modes of inter-annual variation of
UWTA (2) ascertaining the circulation anomalies associated with the
dominant modes of variability which on the other hand stand as the
sources of the UWTA. The remainder of the paper is organized as fol-
lows: Descriptions of data and analysis methods are given in section 2.
The dominant modes of the inter-annual variations and the circulation
anomalies associated with the UWTA are discussed in section 3. In
section 4, we provide the summary and conclusion of the results ob-
tained.

Fig. 1. (a) The spatial pattern of the first EOF mode (EOF1) and its corresponding principal component time series (PC1) in (b) of the mean 300-hPa temperature
anomaly during MAM of 1980–2010.

Table 1
The squared covariance for the first two leading modes of a direct SVD ex-
pansion expressed in percentage and the temporal correlation coefficient be-
tween the expansion coefficients of the mean UWTA and SST anomalies, r
(UWTA, SSTA) over the Indian Ocean during MAM of 1980 to 2010.

Mode SCF (%) r (UWTA, SSTA) T300 Variance (%) SST Variance (%)

1 99.89 0.9048 96.3 54.07
2 0.1 0.5220 2.02 4.18
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2. Data and methodology

2.1. Data description

The National Centers for Environmental Prediction-National Center
for Atmospheric Research (NCEP-NCAR) monthly mean reanalysis da-
tasets from 1949 to present (Kalnay et al., 1996) provide a gridded
analysis of the global observational network of meteorological variables
(i.e. temperature, wind, vertical velocity and velocity potential) that
were used in this study. The data spans with a spatial resolution of
2.5oX2.5o grid at every 6 h. The monthly mean sea surface temperature
data were obtained from the National Oceanic and Atmospheric Ad-
ministration (NOAA) with a 2.0o latitude-longitude resolution (Smith
et al., 2008). The characteristics for convective processes are studied
based on the outgoing long wave radiation (OLR) in a similar manner to
Wheeler and Kiladis (1999). The NOAA daily mean OLR data sets
(Liebmann and Smith, 1996) were used as the proxy for deep tropical

convection and are interpolated onto 2.5oX2.5o gridded maps. The data
sets span from 1974 to 2017 and are interpolated in time and space
twice daily OLR values and averaged to once daily.

2.2. Methodology

In this study singular value decomposition (SVD) was used to ana-
lyze the large scale inter-annual variability between the 300-hPa tem-
perature anomalies (T300) in Tanzania and the sea surface temperature
anomalies (SSTA) over the Indian Ocean during MAM rainfall season of
1980 to 2010. The aim was to ascertain the possible existing relation-
ship between the two. SVD involves the matrix operation applied to
covariance between grid point observations of two fields. It therefore
decomposes the matrix of two fields into singular values with two sets
of paired-orthogonal vectors namely the loading maps. A detailed dis-
cussion on SVD and its application to idealized and observed data,
kindly refer to Bretherton et al. (1992). However, the empirical

Fig. 2. Loading maps for the first SVD modes of the (a) 300-hPa temperature anomaly (b) SSTA over the Indian Ocean and its corresponding temporal amplitudes of
the principal component time series in (c). The fractions of variance of the normalized data field explained by the respective modes are indicated in the right-hand
corner of each map.
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orthogonal function (EOF) was carried on the mean MAM T300 aver-
aged over the domain bounded by 20°E-50°E and 15oS-5oN. EOF ana-
lysis is frequently applied to derive patterns and indexes used to iden-
tify and track weather and climate modes as expressed in state variables
or proxies of convection (Roundy, 2015). It aims at extracting the
leading climatic modes which will further mark prone areas associated
with enhanced UWTA during the season. Meanwhile, in the analysis
trying to elucidate the co-variability of the MAM convective coupled
Kelvin waves (CCKWs) and the UWTA, we correlate the global tropical
Kelvin filtered OLR anomalies and the first principal component time
series (PC1) of the first EOF mode (EOF1). The wave-number frequency
filtering for the 31 years OLR time series has been carried out in this

study following the method deployed by Wheeler and Kiladis (1999).
We first filter the Kelvin wave within the period of 2.5-17 days and an
eastward wave number 1–14 similar to Straub and Kiladis (2002) and
later we average the daily filtered Kelvin OLR into monthly means.
Exceptionally, assessing the effect of the latent heat released following
vertical ascent of the moist air from warm tropical Indian Ocean we first
calculate the three dimensional (3D) diabatic heating, Q1 diagnosed as
a residual in the thermodynamic equation (Hoskins et al., 1989; Nigam,
1994) and there after we computed the composite analysis for the field.
The 3D diabatic heating, Q1 computational is as follows;
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Where V, ω, T and θ are the 3D horizontal velocities, temperature
and potential temperature while R and Cp are the gas constant and
specific heat at constant pressure of dry air and po = 1000 hPa. The
overbar represents the monthly average of the reanalysis field. The
terms in the right of Eq. (1) stands for local temperature change, hor-
izontal temperature advection, adiabatic heating and transient eddy
heating respectively (Yanai and Li, 1994; Tamura et al., 2010). The
composites products were later subjected to a two tailed Student's t-test
to validate their significance (Indeje et al., 2000). In addition, corre-
lation and composite analysis are used in this study.

3. Results and discussion

3.1. Prone areas to UWTA and its relation with the Indian Ocean SST
anomalies

Fig. 1a display eigenvectors of covariance matrices of EOF1 and its
corresponding principal component time series (Fig. 1b) among the
three leading EOF modes of co-variability for the 300-hPa mean tem-
perature anomalies during MAM of 1980 to 2010. The first three EOF
patterns explain more than 98.16% of the total variance and therefore
being more representative of the country's seasonal UWTA distribution.
The fist EOF (Fig. 1a) accounts for 94.05% of the total variance for the
entire season while EOF2 and EOF3 (i.e., figures not included in this
study) only accounts for 2.84% and 1.27% respectively. EOF1 (Fig. 1a)
exhibit a monopole mode of variability with positive loadings over the
entire study region while the highest weight of positive eigenvector
coefficients concentrates over the northern coast, central, south-wes-
tern highlands (SWH) and western part of the country. Notably, PC1 of
the first EOF is assigned to represent the UWTA index for further ana-
lysis. The spatial relationship between the UWTA and the Indian Ocean
SSTA is assessed with the SVD analysis. Table 1 summarizes the results
for the first two leading modes in SVD expansion of the mean UWTA
and SST anomalies over the Indian Ocean. The squared covariance
fraction (SCF) results in Table 1 strongly concentrate in the first two
modes and account for about 99.91% of the total squared covariance.
The corresponding fractions of the variances for the UWTA and Indian
SSTA fields explained by the time series of the expansion coefficient
component are 98.32% and 54.25% respectively. Generally, the ex-
pansion coefficients for both modes as indicators in strength of cou-
pling, exhibit correlation coefficients of greater than 0.5 (see Table 1).
It is clear from these statistics (Table 1) to signify how important the
first two modes are in explaining the association between UWTA and
Indian SSTA variability in Tanzania during MAM rainfall season.

The first SVD (in hereafter SVD1) coupled modes (Figs. 2a and b)
that dominate the co-variability between the March–May UWTA and
SSTA over the Indian Ocean, reveal a monopole positive co-variability
between T300 over the entire study area (Fig. 2a) and SSTA over the
entire domain of the Indian Ocean (Fig. 2b) with strong positive coef-
ficients being to the central equatorial and western Indian Ocean. Ex-
ploring further the coupling strength of association between SSTA over
the WIO and the UWTA during MAM season, we correlate the

Fig. 3. (a) The time series correlation coefficient between PC1 for EOF1 and
normalized SST anomalies over the western Indian Ocean (WIO, 38°E-78°E,
20oS-3oN) (b) The lead-lag correlation coefficients between the three months
running mean (i.e. 3-month means stepped one month at times) normalized SST
anomalies depicted over the WIO and UWTA indices during MAM of
1980–2010. The month (−1) shows that SSTA indices lag the UWTA indices by
one month (i.e. FMA) while month (0) shows the two are in phase during the
current MAM season. Meanwhile, month (+1) denotes that SSTA indices lead
the UWTA indices by one month (i.e. June–August, JJA).
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standardized SSTA from the WIO (an area bounded with 38°E-78°E and
20oS-3oN) and the UWTA index (i.e. PC1). Fig. 3a shows the time series
correlation between PC1 of the first EOF and SSTA over the WIO. The
results reveal the presence of strong positive correlation (r > 0.8)
which is statistically significant at 5% levels with a two tailed student's
t-test. Since the coupling association indicates a robust positive corre-
lation, it suggests that the WIO has important signal of variability for
the UWTA formation during MAM season. Assessing the existing rela-
tion between the UWTA and SSTA over the WIO before, during and
after MAM season, we conducted a lead-lag correlation between the
three months running mean of the normalized WIO SSTA and UWTA
indices. The lead-lag correlation results are shown in Fig. 3b in which
month (−1) shows that SSTA indices lag the UWTA indices by one
month (i.e. FMA) while month (0) showing the two are in phase during

the current MAM season. Meanwhile, month (+1) denotes that SSTA
leads the UWTA indices by one month (i.e. June–August, JJA).

Fig. 3b depicts a simultaneous statistically significant increase in
correlation over the WIO from August–October (ASO) of the previous
year to the current FMA season where it attains the highest peak
(r = 0.8677) then decreasing afterwards. The highest peak in correla-
tion depicted in Fig. 3b reflect that, the UWTA generation through
enhanced SSTA over the WIO starts early before MAM with the highest
peak being in FMA. In view of that, the present study advances the
analysis in FMA season trying to validate on how the leading SSTA over
the Indian Ocean influence the formation of the UWTA.

Fig. 4. The lead-lag correlation coefficients between the three months running mean (i.e. 3-month means stepped one month at times) normalized SST anomalies
depicted over the western Indian Ocean [WIO (38°E-78°E, 20oS-3oN) and (a) ENSO indices (b) 850 hPa velocity potential indices (c) net solar heat flux indices during
both FMA and MAM seasons of 1980–2010. The month (−1) shows that SSTA indices lag the UWTA indices by one month (i.e. FMA) while month (0) shows the two
are in phase during the current MAM season. Meanwhile, month (+1) denotes that SSTA indices lead the UWTA indices by one month (i.e. June–August, JJA).
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3.2. Relative influence of SSTA over the Indian Ocean to the formation of
the UWTA

To explore the influence of SSTA over the WIO on the UWTA for-
mation during FMA (i.e., the leading influence) and MAM seasons, we
carried out the difference composite analysis of the number of field
variables over the WIO. The composite involves the difference between
years with enhanced and suppressed SSTA trying to demonstrate the
mechanism influenced by SSTA on the UWTA formation. Based on
principal component time series of SVD1 for the SSTA expansion, years
with strong amplitude of normalized mean MAM SST departures of
≥ + 1of the standard deviation (1988, 1998, 2003, 2005, and 2010)
and those ones with strong amplitudes of normalized departures of

≤ − 1 of the standard deviation (1984, 1986, 1989, 1994, 2008) were
selected as enhanced and suppressed SSTA years respectively. The
composite spatial pattern for the SSTA associated with enhanced SSTA
over the WIO during FMA and MAM seasons (figures not included)
strongly resembles the spatial pattern of the first SVD leading mode.
The figures reveal warm SSTA over the entire Indian Ocean with strong
positive coefficients over the western (i.e., 38°E-78°E, 20oS-3oN, here
after WIO). Interestingly, the results showed much stronger warm SSTA
over the WIO during FMA season than in MAM season especially over
the central and extreme north-eastern part of the WIO.

Examining the possible evolution of the enhanced warm SST over
the WIO, we performed a lead/lag correlation for the normalized SSTA
over the WIO and some of the atmospheric variables (i.e., velocity

Fig. 5. The composite pattern for the velocity potential (106m2s−1) and divergent wind (ms−1) anomalies for the difference between enhanced and suppressed SSTA
at (a) 850-hPa (b) 200-hPa during FMA while in (c) 850-hPa and (d) 200-hPa during MAM season of 1980 to 2010. The shaded areas are statistically significant at 5%
level with a two tailed Student's t-test.
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potential and net solar heat flux indices). These indices were computed
as the normalized average from the WIO. As observed in Fig. 4a, it is
apparent that the SSTA over the WIO during FMA and MAM reveals a
strong positive correlation (i.e., r = 0.7365 in FMA and 0.7541 in
MAM) with ENSO indices of the previous SON. This indicates that warm
phase of ENSO during SON of the central equatorial Pacific has im-
portant signal of variability for the enhanced warm SST over the WIO
the following MAM. However, the moderate positive correlation be-
tween the 850 hPa velocity potential and SSTA of the WIO during the
previous OND (Fig. 4b) shows the presence of an altered Walker cir-
culation with anomalous rising over the WIO, central and eastern
equatorial Pacific while anomalous sinking to the western equatorial
Pacific and Indonesian Archipelago. In our recent study (Mafuru and
Tan, 2019) we have stated that, the anomalous sinking to the western
equatorial Pacific and Indonesian Archipelago during warm phase of
ENSO of the previous SON coincides with suppression in total clouds. It
therefore fosters the increase in total net heat solar flux absorbed by the
Ocean leading into enhanced warm SSTA. The presence of the well-
organized/strengthened easterly wind flow from the central and north
western Pacific and Indonesian Archipelago to tropical Indian Ocean
from the previous SON to the following MAM, spread the warm SSTA to
the WIO. The current January to March (JFM) in Fig. 4c reveals en-
hanced solar heat flux over the WIO following the positioning of the
descending limb of the Walker circulation to the WIO. It is the des-
cending limb of the Walker circulation which suppresses cloud cover
while favors the increase in net heat flux absorbed by the Ocean.

It is worth noting that warm sea surface temperature has a sig-
nificant impact on organized tropical convection associated with at-
mospheric convergence/divergence and vertical motion (Graham and
Barnett, 1987). In this study we therefore show that, enhanced SSTA
over the WIO is accompanied by the adjacent Walker and vertical
motion. Fig. 5 represents the composite velocity potential and di-
vergent/convergent wind anomalies for the differences between en-
hanced and suppressed SSTA during FMA and MAM seasons of 1980 to
2010. The centers of low (high) velocity potential are associated with
divergent outflow (confluent inflow) of winds. Meanwhile, divergence
(convergence) in the upper-level troposphere (i.e., 200-hPa) is accom-
panied with convergence (divergence) in the lower troposphere. During
MAM season (Fig. 5c) the WIO is clearly seen marked with the low
tropospheric convergence with the center of convergence (i.e. at 60°E)
over the region occupied by strong enhanced warm SSTA. The positive

velocity potential and wind convergence over WIO in Fig. 5c at low
level coupled the upper-level negative velocity potential and tropo-
spheric wind divergence (Fig. 5d). It therefore reflects the position of
the ascending limb of the local Indian Ocean Walker circulation over
East Africa which enhances convection due to enhanced uplift. How-
ever, during FMA season we noticed the intrusion of the negative ve-
locity potential and wind divergence at lower level (Fig. 5a) for the area
occupied by enhanced warm SSTA over the WIO. This area is accom-
panied by positive velocity potential (Fig. 5b) in the upper-level thereby
signifying the weakening of the rising limb of the Walker circulation a
month earlier (i.e., in FMA).

Assessing the source of vertical uplift over the WIO during FMA
season, we expanded our findings trying to analyze whether there is an
existing association between the CCKWs and the UWTA formation.
Some researchers have related the enhanced convection and the CCKWs
propagation. For instance, Nguyen and Duvel (2008) demonstrated a
close relationship between convection and CCKWs activities following
their study of the equatorial African convection. Roundy (2008) on the
other hand noted that, CCKWs propagate through Africa into Indian
Ocean raises the intriguing possibility that processes operating over
tropical Africa may influence the nature and predictability of convec-
tion in the equatorial Indian Ocean. Having noted these research
findings, we carried the correlation analysis between the Kelvin filtered
OLR anomalies over the tropical Indian Ocean and PC1 of the first EOF
mode for the 300-hPa temperature anomalies during both FMA and
MAM seasons.

Fig. 6a shows a relatively strong positive correlation (r > 0.6) over
the northern tropical Indian Ocean averaged over the region bounded
by 60°E to 78°E. The higher the correlation between the two field
variables show that there is strong in phase relationship between the
warm SSTA over that region and CCKWs, and thus the enhanced warm
SSTA region coincides with the active convection. It also suggests a
favorable background environment for CCKWs propagation while the
warming over the Indian Ocean being the precursor for the enhanced
latent heat in the upper-level troposphere. Since the CCKWs are asso-
ciated with enhanced convection and moisture convergence (Wheeler
et al., 2000), the location of the CCKWs activities over the tropical
Indian Ocean in Fig. 6a suggest a significant ascent of warm and moist
air from the peak domain of the WIO. During MAM season we noticed
the weak positive correlation between the Kelvin filtered OLR anoma-
lies and PC1 of the first EOF mode for the 300-hPa temperature

Fig. 6. The spatial pattern for the correlation between the Kelvin filtered OLR variance anomalies and SSTA (i.e. PC1 obtained from EOF1 in Fig. 1b) during (a) FMA
(b) MAM seasons of 1980–2010. The positive correlations are represented by solid line while negative correlations are in dashed lines.

K.B. Mafuru and T. Guirong Atmospheric Research 242 (2020) 105016

7



anomalies over the equatorial and tropical Indian Ocean (Fig. 6b). The
scenario shows that, CCKWs activities are stronger (weaker) during
FMA (MAM) season and the CCKWs being the dominant primer for the
vertical uplift over the enhanced warm SSTA region of the WIO during
FMA while ascending limb of the Walker circulation during MAM
season.

3.3. The mechanism of the UWTA formation

A number of researchers have sighted clearly the process by which
the parcel of air gains heat through the release of latent heat of con-
densation following its ascent. For instance, Lindzen and Nigam (1987),
and Raymond (1994) pointed that, tropical SST anomaly (e.g. enhanced
SSTA) tends to increase low level convergence and moisture thereby
promoting enhanced deep convection and hence diabatic heating.
However, Jiang et al. (2011) noted that, the latent heat release in tro-
pics which is associated with deep convection is the dominant com-
ponent of total diabatic heating and can further influence convection by
modifying atmospheric instability through redistributing the localized
latent heat and moisture or through dynamical lifting by low-level

convergence. Taking into account the large ascent of warm moist air
from an area occupied with enhanced warm SSTA over the WIO, we
decided to compute both the adiabatic and diabatic heating and vali-
date if the ascent is associated with the release of latent heat.

As shown in Fig. 7a and Fig. 7c, during FMA and MAM seasons, the
broad region of the mid to higher level (600–200 hPa) of the warm SST
over the WIO occupies stronger diabatic warming in comparison to
weaker adiabatic cooling (Figs. 7b and d) following the enhanced uplift.
Meanwhile, the spatial distribution of the adiabatic and diabatic
heating also confirms the dominance of enhanced diabatic warming
(Figs. 8a and c) over the WIO in comparison to less weak adiabatic
cooling (Figs. 8b and d) during both FMA and MAM.

Fig. 9 shows the composite vertical cross-section anomaly dis-
tribution fields for the difference between enhanced and suppressed
SSTA zonal-vertical circulation and diabatic heating anomalies during
FMA and MAM seasons of 1980 to 2010. During MAM season (Fig. 9b),
a significant updraft extending from low to higher level is observed over
the region bounded by 50°E to 75°E (i.e., the region with enhanced
warm SSTA). In the upper-level troposphere (i.e., 300–200-hPa) the
ascent turns left thereby advecting the warm air towards the study

Fig. 7. The composite vertical cross-section anomaly distribution fields for the difference between enhanced and suppressed SSTA for the (a, c) diabatic heating
anomalies (K day−1) and (b, d) adiabatic heating (Kday−1) along 20oS during (a, b) FMA and (c, d) MAM seasons of 1980–2010. The positive and negative values in
(a-d) indicate adiabatic/diabatic warming and cooling respectively. The shaded areas are statistically significant at 5% level with a two tailed Student's t-test.
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region. The region occupied by the updraft over the WIO in Fig. 9b
corresponds with significant diabatic heating which becomes stronger
from the mid to higher level (i.e., 600–200-hPa). Indisputably, it is
noted that strong (weak) mid to high level mean diabatic heating
anomalies over the WIO (study region) corresponds with strong updraft
(downdraft) observed in Fig. 9b.

However, during FMA season (Fig. 9a) the region of strong updraft
(i.e., enhanced warm SSTA over the WIO) reveals a robust enhanced
diabatic warming in the mid to higher level in comparison to MAM

season. It therefore being in agreement with our earlier finding that the
peak for the UWTA generation is one month before MAM season. On the
other hand, the strong mean 600–200-hPa diabatic warming during
FMA season concentrates over the extreme southern part of the WIO
and tallies with the region with both enhanced SSTA and uplift.

Further, zonal temperature advection anomaly is analyzed for en-
hanced SSTA years during FMA and MAM seasons aiming at assessing if
the accumulated diabatic warming over the mid and upper-level is
advected to the study area. Fig. 10 shows the spatial pattern for the

Fig. 8. The composite pattern for the 600–200-hPa mean (a, c) diabatic heating anomaly (K day−1) and (b, d) adiabatic heating anomaly (K day−1) distribution fields
for the difference between enhanced and suppressed SSTA during (a, b) FMA and (b, d) MAM seasons of 1980–201. The positive and negative values in (a-d) indicate
adiabatic/diabatic warming and cooling respectively. The shaded areas are statistically significant at 5% level with a two tailed Student's t-test.

Fig. 9. The composite vertical cross-section anomaly distribution fields for the difference between enhanced and suppressed SSTA for the zonal-vertical circulation
[hPa] (in vectors) and diabatic heating anomalies (K day−1, in contour lines) obtained by averaging the divergent wind and vertical velocity along 20oS during (a)
FMA (b) MAM seasons of 1980–2010. The positive and negative values in (a) and (b) indicate diabatic warming and cooling respectively. The shaded areas are
statistically significant at 5% level with a two tailed Student's t-test.
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400–300-hPa mean zonal temperature advection anomaly distribution
fields for the difference between enhanced and suppressed SSTA during
FMA and MAM seasons. There are stronger positive zonal temperature
advection anomalies (Fig. 10a) over the extreme southern region of the
WIO in FMA compared to MAM season (Fig. 10b) which is in corre-
spondence with strong diabatic warming in the mid to high level. In
both seasons the area of strong positive zonal temperature advection
anomalies over the WIO spreads towards the study area (Figs. 10a and
b). In this case, the warm zonal temperature advection anomalies
dominate diabatic cooling over the study area and therefore increases
the upper-level tropospheric temperature (i.e., increases the 300-hPa

temperature anomaly). With this phenomenon we can deduce the fact
that, diabatic heating due to enhanced uplift of warm and moist air
from enhanced warm SSTA of the WIO warms the upper-level tropo-
sphere (i.e., also the UWTA) of the study area through the zonal tem-
perature advection.

4. Summary and conclusion

The cause of the UWTA associated with MAM heavy rainfall in
Tanzania during the 1980–2010 time span is extensively investigated in
terms of EOF, SVD and dynamical diagnosis. The first EOF mode reveals

Fig. 10. The composite pattern for the 400–300-hPa mean zonal temperature advection anomalies − ∂ ∂ ′u T x( / ) distribution fields for the difference between enhanced
and suppressed SSTA during (a) FMA (b) MAM seasons of 1980–201. The hatched areas are statistically significant at 5% level with a two tailed Student's t-test.
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the occurrence of enhanced UWTA over the entire study region with
strong warming over the northern coast, central, south-western high-
lands (SWH) and western part of the country. However, the first two
SVD modes of variability account for about 99.91% % of the total
squared covariance thereby signifying how important the modes are in
explaining the association between the UWTA in Tanzania and SSTA
over the Indian Ocean during MAM season. The first SVD coupled
modes that dominate the co-variability between the March–May UWTA
and the SSTA over the Indian Ocean, reveal a monopole positive co-
variability between T300 over the entire study area and SSTA over the
entire domain of the Indian Ocean with strong positive coefficients
being to the central equatorial and western Indian Ocean.

The lead-lag correlation coefficient between the three months run-
ning mean of the normalized WIO SSTA and UWTA indices shows a
simultaneous statistically significant increase in correlation from
August–October (ASO) of the previous year to the current FMA season
where it attains the highest peak (r = 0.8677) then decreasing after-
wards. It therefore reflects the fact that, the UWTA formation starts
early before MAM season and reaches the highest peak in the current
FMA season. The region of enhanced SSTA over the WIO during FMA
and MAM seasons tied with strong updraft, corresponds with significant
diabatic heating which becomes stronger from the mid to higher level
(i.e., 600–200-hPa). However, there is enhanced SSTA and mid to high
level mean diabatic heating anomalies over the WIO during FMA than
in MAM season which is in consistence with the region of strong up-
draft.

There is a relatively strong positive correlation (r > 0.6) between
the Kelvin filtered OLR anomalies over the tropical Indian Ocean and
UWTA during FMA season over the northern tropical Indian Ocean
averaged over the region bounded by 60°E to 78°E which weaken in
MAM season. On contrary, the rising limb of the Walker circulation
over the region occupied by enhanced SSTA of the WIO weaken in FMA
season while strengthened during MAM season. In this case we noticed
that, the ascending branch of the Walker circulation is the dominant
primer for the vertical uplift of warm moist air from the region of en-
hanced warm SSTA of the WIO during MAM while CCKWs dominate in
FMA season. In both seasons the area of strong positive zonal tem-
perature advection anomalies over the WIO spread towards the study
area. Thus, the warm zonal temperature advection anomalies dominate
diabatic cooling over the study area and therefore increase the upper-
level tropospheric temperature (i.e., increases the 300-hPa temperature
anomaly). With this phenomenon we can deduce that, diabatic heating
due to enhanced uplift of warm and moist air from enhanced warm
SSTA of the WIO warms the upper-level troposphere (i.e., also the
UWTA) of the study area through the zonal temperature advection.
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