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+is study analyses the spatial and temporal distribution of heavy rainfall events (HREs) and its associated circulation anomalies
over Tanzania during March to May (MAM) rainfall season of 1980–2010. A total of 822 HREs were revealed, concentrated over
the northern sector (NS) of the country. Years with anomalous HREs are associated with low-level westerly convergence,
advection of moisture from both the Indian Ocean and Congo basin, an upper warm temperature anomaly (UWTA), intensified
and well-positioned Intertropical Convergence Zone (ITCZ), and pronounced rising motion since the ascending limb of the
Walker type of circulation is centered over Tanzania.+e analysis of the UWTA in this study has brought a key factor in exploring
the possible likely cause and improved early warning system for the HREs during the MAM rainfall season in Tanzania. Making
use of the thermal wind equation and the velocity divergent form of the continuity equation (DFCE), we found that the UWTA
results into an upper-level horizontal wind divergence which significantly accelerates vertical ascent, deepening the surface low
pressure for an enhanced convective process and HREs formation.

1. Introduction

In recent years, Tanzania has repeatedly experienced di-
sastrous impacts of heavy rains.+ese heavy rains have led to
a wide spread flood resulting in extensive economic damages
and casualties. Studies from EMDAT [1], an internationally
reported loss, pointed out that, between 1990 and 2010,
flooding events have become the most devastating catas-
trophe among the natural disasters which have been af-
fecting the country. +ree of the recent dramatic events
include the catastrophic heavy rainfall event that occurred in
December 2011 over northeastern highlands (NEH),
southwestern highlands (SWH), and Dar es Salaam. It ended
up with destructive flooding, triggering landslides, killing at
least two dozen of people and leaving more than 10,000
displaced. A report from Tanzania Meteorological Agency

(TMA) confirmed that it was the most intense rain that
Tanzania has experienced since her independence in 1961
that killed at least 20 people in the main city of Dar es Salaam
while 5000 people remained homeless.

On 11 April 2014, Dar es Salaam recorded a rainfall of
135mm in 24 hours which lead to flooding that left at least
41 people dead. +e scenario was followed by another heavy
fall over SWH killing at least 3 people. TMA confirmed
heavy fall had occurred in Kahama District (Lake Victoria
basin) on the 3 May 2015 leading to tremendous floods with
42 people losing their lives, 91 people seriously injured, and
160 houses destructed while 3500 people were affected. Later
on the 6 and 7 May 2015, heavy fall was reported in most
areas of the northern coast with 110mm and 52.5mm of
rains recorded in Dar es Salaam Airport in respective dates.
+e scenario ended into heavy floods with 12 death tolls and
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severe destruction to infrastructures, while 3000 people were
displaced over the NEH.

Rain-fed farming characterizes most of sub-Saharan
Africa, where 95% of the total cultivated area depends on
rainfall, and determines the livelihoods of 70% of the
population [2, 3]. Being one among the sub-Saharan Africa,
agriculture in Tanzania strongly depends on rainfall and
remains the largest sector in the economy. Its performance
has a significant effect on output, corresponding income,
and poverty level eradication. Sales of agricultural products
account for about 70 percent of rural household incomes
and the sector in general accounts for about half of gross
domestic product and exports, where its importance is
amplified through backward and forward linkage effects.
Assessing the spatial distribution, changing trends and
a formationmechanism of heavy rainfall [4–7] in Tanzania is
of crucial importance towards earning maximum agricul-
tural products and saving people’s lives.

+e knowledge of extreme precipitation frequency in the
present climate and the projections for the future can
provide useful information to agriculture and hydrology
sectors. It also reduces food insecurity and accelerates
poverty reduction particularly in rural areas which require
an increase in agricultural productivity, higher added value,
and improved producer price incentives. +e knowledge of
the interaction of these extreme events with large-scale at-
mospheric and oceanic circulation as well as with synoptic
and mesoscale conditions is a key as it improves the early
warning system (EWS). +erefore, there is a need to know
not only the frequency of their episodes but also the intensity
and the associated mechanisms to provide reliable in-
formation for early warning response.

A number of studies [8–11] revealed conditions for
heavy rainfall formation require a massive supply of water
vapor. Ding [8] concluded that, apart from the basic con-
ditions (moisture, energy, and convection), strong con-
vective systems need reinforcement (topographic effects and
upper divergence) and strong vertical wind shear. Several
studies have been carried out trying to relate the interannual
variability of seasonal rainfall and associated circulation
anomalies over East Africa. For instance, Camberlin and
Philippon [12] found that the equatorial surface westerly
flow anomalies from Congo are positively associated with
the East African long rain (i.e., in hereafter MAM rainfall
season) and it is this circulation anomaly that controls the
location of the meridianally oriented Intertropical Con-
vergence Zone (ITCZ).

Kijazi and Reason [13] found that increased fetch of low-
level moisture flux anomalies from the Congo basin and the
tropical Indian Ocean can result in the increase in MAM
rainfall over Tanzania. Meanwhile, Nicholson [14–16] noted
that the intensity and location of rainfall over the eastern
Africa are strongly associated with the meridianally aligned
ITCZ into which the humid south Atlantic air-masses
converge with the Indian Ocean trade winds. +e westerly
flow of the moist South Atlantic air masses on the contrary is
found to be strongly associated with East African rainfall
reception [14–19]. In his investigation, McHugh [16] re-
alized the fact that, westerly flow anomalies across East

Africa are associated with anomalous precipitable water,
moist static instability, convergence uplift, and rainfall
anomalies. During boreal spring, the convectively coupled
Kelvin waves (CCKWs) have strong seasonality and in-
terannual variability that propagate eastwards from equa-
torial South America to tropical Atlantic and Africa, thereby
acting as the bridge linking convection and precipitation in
these three regions [20].

+e CCKWs enhance convection, strengthen cloud
development, and increase rainfall through low-level zonal
moisture flux [21, 22]. However, the variation in cloudiness
associated with the CCKWs peak along the latitude of the
climatological ITCZ in Africa, and it considerably varies
with season [22]. Wheeler et al. [23] noted that the eastward
moving wave (i.e., enhanced convection) is flanked by
moisture flux divergence (convergence) to the west (east). It
is the moisture flux convergence that leads into enhanced
convection.

Also, some researchers [18, 24–27] relate the El-Niño
Southern Oscillation (ENSO) modulation with rainfall
variability over East Africa but the modulation during the
MAM rainfall season over Tanzania (i.e., northern coastal
belt) is found to be of lesser extent [28]. Works of Mutai and
Ward [18, 29–32], based on different temporal and spatial
scales, did not show any significant correlation between the
East Africa long rain season and either the atmospheric or
oceanic component of ENSO. Rowell et al. [32] noted that
a poor or late start of the MAM season was associated with
a cool tropical North Atlantic. Toward the end of the long
rains (i.e., in May), positive correlations are found in the
extratropical Southwest Atlantic and more extensively in the
equatorial Indian Ocean. Okoola [33] and Hills [34] found
an association between wind circulation patterns and rainfall
over East Africa. Increased rainfall over East Africa was also
associated with the occurrence of an anomalous cyclonic
circulation over the western Indian Ocean [35]. Further-
more, a shift in the location of the ascending and descending
branch of the Walker circulation is linked to rainfall vari-
ability over East Africa that occurs in association with
tropical SST and convection anomalies [36]. Regions of
vertical motion associated with an interaction between
mesoscale and large-scale flows have also been linked to
precipitation distribution over East Africa [37–39].

But in some areas within the region, the reduction in
MAM rainfall reception associates with statistically signifi-
cant negative precipitable water anomalies across East Africa
and strengthened northeasterly trade winds from Sudan
across the Equatorial Africa to the Atlantic Ocean which
hinders the influx of unstable moist air masses from the west
[40]. Williams and Funk [41] related it to the westward
extension of the Indo-Pacific warm pool and associated
Walker circulation, while Lyon and DeWitt [42] and Lyon
et al. [43] linked it to a shift of sea surface temperature (SST)
over the Pacific basin to a La Niña-like pattern.

Although all the research findings are performed on the
associated circulation anomalies, the research results failed
to identify any strong and robust atmospheric or oceanic
forcing of the East African March–May rains. +is partly
arises from the fact that the long rains in boreal spring
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exhibits much more inconsistent variations from station to
station which is becoming harder in relating to anomalies of
the climate system making it difficult even in its pre-
dictability [12, 14, 44].

+ere is no doubt that a lot of research works have been
done to explore climate change and variability over the East
Africa region, but few studies have looked at the impacts of
such variability in Tanzania especially on the repetitive heavy
falls and its associated circulation weather anomalies. +e
majority of the researchers in East Africa have put more
emphasis on the impact of surface/low-level circulation
anomalies on climate variability, while less or no findings on
the upper-level circulation anomalies within the region
Tanzania in particular. +is study aims at filling this gap by
assessing (1) prone areas to heavy rainfall and (2) the in-
fluence of the upper temperature anomalies on heavy rainfall
events (HREs) among other circulation anomalies to be
included in this study during the March to May (MAM)
season of 1980–2010 climatology in Tanzania. +e analysis
will add value to heavy rainfall forecasting, disaster warning,
water resource utilization, and economy development
(i.e., agricultural productivity). +e first chapter introduces
the study, while data description and methods used are in
Section 2. Results and discussion are presented in Section 3,
where the circulation anomalies of selected fields and the
influence of the upper warm (cold) temperature anomalies
to the mean MAM heavy rainfall are demonstrated. +e
summary and conclusion are given in Section 4, which
summarizes our main findings and discusses them in the
context of relevant literature.

2. Data and Methodology

Daily rain gauge records from sixteen (16) synoptic stations
scattered throughout the country during theMAM season of
1981–2010 climatology were used in this study. +e study
adopted the eleven (11) homogeneous climatological zones
used in MAM seasonal weather forecasting across the
country. A heavy rainfall event (HRE) was defined as any
amount ≥50mm/24 hours from a given station. +e
threshold above was deemed relevant for many areas within
the East African region following the workshop for Severe
Weather Forecasting Demonstration Project-East Africa
(SWFDP-EA) held in Arusha in December 2011. A number
of researchers [45] have used the stated threshold value
within the region. +e trend of heavy rainfall of a particular
station, an interannual variability of HREs, a spatial dis-
tribution of both the total events rainfall, and the ratio of
events rainfall to MAM season were determined from the
above selection. Empirical orthogonal function (EOF) was
performed on the mean MAM seasonal HREs to identify
areas prone to HREs. To further understand the atmo-
spheric circulation patterns behind the influence of heavy
rainfall during the period of study, reanalysis fields from
National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) were
used similarly to Kalnay et al. [46]. +e spatial resolution of
the data was 2.5° × 2.5°, and the analysis was performed over
domain extending from 20°W to 180°E and 60°S to 60°N.

A nonparametric test, Mann–Kendall trend test (MK trend
test) [47, 48], was used to detect the trend in time series of
HREs and their corresponding significance in respective
stations. +e linkage between circulation anomalies with the
periods of anomalous/suppressedHREs was done with the aid
of the composite analysis method. Based on principal com-
ponent (PC) time series of the first EOF (PC-1), years with
strong amplitudes of normalized heavy rainfall departures
greater than +1 (less than −1) of the standard deviation were
classified as years with anomalous (suppressed) HREs during
the entire climatology of the study.

3. Results and Discussion

+e results obtained in this study are discussed in four
subsections. We first give detailed information on the spatial
and temporal distribution of HREs. Later on, we discuss
circulation anomalies linked to HREs.

3.1. Spatial and Temporal Distribution of HREs. A precise
analysis of heavy rainfall revealed 822 HREs. +e number of
events is found to be concentrated over the eastern and
northern parts of the country with the highest concentration
along the coastal belt (e.g., Northern coast) and western part
of the Lake Victoria basin (Figure 1(b)). Meanwhile, the total
amount of heavy rainfall tends to be heavier in areas with
highest number of HREs (figure not included). +e MAM
rainfall climatology (Figure 1(a)) shows a unimodal rainfall
pattern with western, central, and southwestern highlands,
and southern regions were characterized by low rainfall. +e
eastern and northern sector (NS) experienced a bimodal
rainfall pattern that shows enhanced amount of heavy
rainfall mainly along the costal belt (particularly the
northern coast) and western part of the Lake Victoria
basin. Figure 1(a) shows the long-term mean (LTM) of
March–May rainfall distribution closely resembling that of
the number of HREs (Figure 1(b)).+is suggests a significant
contribution of the amount of heavy rainfall to the total
MAM rainfall. Over the entire period of study, it was ob-
served that HREs contributed 23.94% of the total amount of
MAM rainfall. +e coastal belt (Dar es Salaam, Tanga,
Pemba, and Mtwara) contributed 13.48% while the Lake
Victoria basin (Mwanza, Bukoba, andMusoma) contributed
4.35%. Other contributions are as follows: NEH (KIA,
Arusha, and Moshi, 3.62%) and Western areas (Kigoma and
Tabora, 1.14%), while the remaining areas only 1.35%.

An interannual variability of both the number of HREs
(Figure 2(a)) and the total amount of rainfall due to HREs
(Figure 2(b)) show a direct relationship, where the high
number of HREs coincides with an enhanced total amount
of rainfall during theMAM season. From 1995 to 2010, years
with anomalous HREs (1995, 1997, 1998, 1999, and 2005)
were more than those with suppressed HREs (2000 and
2003). During the period of study, April was more affected
by heavy rainfall and had a significant contribution of the
total amount of rainfall to the season than the rest of the
months with 351 events followed by May (242 events) and
March (229 events), as indicated in Figures 2(c) and 2(d).
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3.2. Temporal Distribution of MK Trend Test for HREs.
�e sequential MK trend test applied in this study graphically
illustrates the forward, u (F), and backward, u (B), trends of
heavy rainfall over the few selected stations out of 16 synoptic
stations under studies (Figure 3). When a set of two series,
a forward and backward one, cross each other and diverge
beyond the speci�c threshold value (i.e., α� 0.05 signi�cant
level for this study), the point is said to be a signi�cant change
point. Mosmann et al. [49] assumed that the point is the
approximate year when the trend begins, while Moraes et al.
[50] referred to it as the period at which the critical point of
change occurs. A typical sequential MK trend test over the
Lake Victoria basin in Figures 3(a) and 3(b) shows that all
stations were in favor of an increasing trend at 95% con�dence
limit. Mwanza and Bukoba had insigni�cant change points at
95% con�dence interval. An abrupt change in the trend of
heavy rainfall was observed over Bukoba in 2003, leaned
towards increasing trend by which in 2008 a progressive series
crosses the critical limit. In Moshi (Figure 3(c)), it is char-
acterized by a positive trend which is insigni�cant at 95%
con�dence limit. It shows a period of abrupt declining in trend
(1983–1988), the window into which stations over the Lake
Victoria basin adopted. Changing points were not signi�cant
at 0.05 con�dence level.

Generally, stations over the northern coast (Figures 3(d)–3(f))
are marked by an increasing trend of heavy rainfall and

changing points/abrupt changes that were found between
2001 and 2010; it should be noted that both the trends and
changing points were insigni�cant at 0.05 con�dence level.
However, the progressive and backward series for Arusha,
Dar es Salaam, Dodoma, KIA, Kigoma, Mbeya, Musoma,
and Tabora (i.e., �gures not included in this study) were
parallel to each other showing that there was no abrupt
change in their trend during the entire period of study.
Similarly, their progressive series, u (F), was above the
critical limit between 1993 and 2010, and therefore, there
was a signi�cant increase in trend at 95% con�dence
interval.

3.3. Prone Areas Suspicious to HREs. Figures 4(a), 5(a), and
5(b)) display the spatial patterns of the �rst three EOF
analysis of the mean HREs during the MAM season for 16
synoptic stations from 1980 to 2010. �e mentioned EOF
patterns explain more than 45.17% of the total variance and
are more representative of the country’s seasonal rainfall. �e
spatial pattern of the �rst EOF mode (EOF-1) (Figure 4(a)) of
the heavy rainfall anomalies accounts for 18.13% of the total
variance during the season. Most of its eigenvector co-
e¢cients are positive with an exception over the central to
southern sector of the study area. �e highest values of
positive coe¢cients are concentrated over NS of the country
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Figure 1: Spatial distribution pattern for (a) long-term mean of MAM rainfall (mm) and (b) number of HREs based on 1980–2010
climatology.
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particularly the Lake Victoria Basin, NEH, Western, and over
Extreme Northern coast.

�e spatial pattern represented by EOF-2 and EOF-3 in
Figure 5 accounts about 27.04% of the total variance of mean
heavy rainfall during the MAM season. �ese patterns in-
dicate the shift of high positive scores of eigenvectors towards

the western side of the Lake Victoria basin and over the eastern
sector particularly the Coastal Belt and its Hinterlands all the
way to the southern region.

It should be noted that the principal component score
time series provides an insight into the strength of an EOF
pattern over time. In the results obtained from the �rst mode,
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Figure 2: Interannual (top) andmonthly (bottom) variability of (a, c) number of HREs and (b, d) total amount of rainfall due to HREs (mm)
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it shows that years with normalized heavy rainfall departures
greater than one (>+1) of the standard deviation were mainly
observed in 1981, 1982, 1985, 1990, 1997, 1998, 1999, 2005, and
2010. On the contrary, years with normalized departures of less
thanminus one (<−1) were observed in 1980, 1983, 1984, 1987,
1989, 1991, 1992, and 2001. Some of these years (i.e., years with
strong amplitude of greater than +1 or less than −1 of the
standard deviation) were then used in the composite analysis
method to �nd the possible circulation anomalies that were
likely linked with pronounced HREs during the study period.

In general, the spatial patterns represented by EOF-1 to
EOF-3 in Figures 4(a), 5(a), and 5(b) are in agreement with the

results obtained in Figure 1(a) which signi�es credible areas
over the country that were mostly a¦ected by heavy rainfall.
�ese are the Coastal Belt and its hinterland, NEH, Lake
Victoria basin, and some areas over the West (i.e., Tabora).

3.4. Circulation Anomalies Connected to HREs. In order
to reveal the linkage existing between years with
anomalous/suppressed HREs and the circulation weather
anomalies during the study period, we performed a com-
posite analysis method for a number of weather parameters
and tested their signi�cance with Student’s t-test in a similar
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way as it was done by Indeje et al. [27]. For the composite
analysis, years with only strong amplitudes of normalized
heavy rainfall departures of greater than +1 (i.e., 1981, 1982,
1985, 1990, 1997, and 1998) were selected as years with
anomalous HREs than the normal years. Meanwhile, years
with strong amplitudes of normalized heavy rainfall de-
partures of less than −1 (i.e., 1980, 1983, 1984, 1989, 1992,
and 2001) were selected as years with suppressed HREs than
the normal years. �e in¨uence of the upper warm (cold)
temperature anomalies to HREs is also demonstrated.

3.4.1. Wind and Moisture Flux Anomalies. Figures 6(a) and
6(b) indicate the spatial pattern of wind vector anomalies at
850 and 200 hPa during anomalous HREs. At 850 hPa, the
moist and unstable wind from the Congo basin organizes
and forms a con¨uent zone (ITCZ) extending from Congo
to NS of the study area (Figure 6(a)). Strengthening of the
high-pressure cell over southwestern (SW) Angola is in such
a way that it favors its inland movement. �e movement
relocates the high-pressure cell over the southeastern (SE)
Angola (at 21°E and 17°S) where it helps to position the me-
ridional arm of the ITCZ over the country and drags the moist
ladenwind from theAtlanticOcean towards thewestern part of
the study area converges (i.e., see a red plus sign in Figure 6(a))
with the moist and unstable easterlies/southeasterlies wind
from the Indian Ocean and the northwesterly winds originated

from the Congo Air basin (CAB). �e ¨ow of wind at 200hPa
(Figure 6(b)) is dominated bywesterly wind components which
persist from low to high levels.

Figure 6(c) marks signi�cant changes where the high-
pressure cell over SE Angola has shifted towards her coastal
belt (to 7°E and 19°S). Similarly, there is a dominant strong
northeasterly wind component crossing the coastal belt of
the study area before decelerating and converge (i.e., see
a red plus sign in Figure 6(c)) with southwesterly wind over
Zambia. �e stronger the northeasterly wind as it passes the
country; this implies that the low-level moisture was carried
away from the study area to Zambia where the speed is
signi�cantly decelerating. �ere is persistent easterly wind
component at 200 hPa (Figure 6(d)). �e di¦erence between
the mean wind anomalies for the years with anomalous and
suppressed HREs was computed in order to show the
contrast between the twomean anomalies. Figure 6(e) shows
signi�cant westerly wind anomalies sourced from Congo
converge over the NS of the study area. It also follows that,
repositioning of the high-pressure cell over the SE Angola
is in a similar pattern to what is observed during anomalous
HREs (Figure 6(a)). �ere is also persistence of the
westerly wind components at 200 hPa (Figure 6(f )) over
the study area. Revealing the in¨uence of the low-level
moisture transport during the anomalous and suppressed
MAM HREs, we focused our analysis on the 850 hPa
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level since it is observed to be the most representative
behavior for the vertically integrated moisture ¨ux over
East Africa [35].

Over the NS of the study area (Figure 7(a)), years with
anomalous HREs prevail with the low-level westerly to
northwesterly moisture ¨ux transport from Congo while the
southern sector is accompanied with insu¢cient moisture
¨ux. �ere is a remarkable northerly moisture transport
anomaly from Eastern Kenya (i.e., sourced from the mari-
time tropical Indian Ocean which turns northerly after
crossing the Somali coast, Figure 7(a)) towards the NEH and
northern coast of the study area where it converges with the
westerly/northwesterly moisture anomaly. Since the mois-
ture ¨ux divergence is negative (positive) over the NS
(southern sector) in Figure 7(a)), it is therefore consistent
with the enhanced convergence (divergence) in moisture
¨ux leading into increased (reduced) amount of HREs
within the region (Figures 1(b) and 4(a)).�e westerly to
northwesterly moisture transport towards the NS con�rms
how important the moist and unstable air from the Congo
basin is so signi�cant for the anomalous heavy rainfall
within the area during the MAM season. Similarly, years
with suppressed HREs (Figure 7(b)) are accompanied with
insu¢cient in¨ux of moisture over the entire country with
an exception to the coastal and extreme southern region of
the study area where easterly moisture transport from the
tropical Indian Ocean is portrayed. Furthermore, the

presence of divergent or weak convergent signals of mois-
ture ¨ux in some areas of the NS (Figure 7(b)) with the
persistence of easterly moisture transport anomaly over the
coastal and extreme southern sector tallies with suppressed
(enhanced) HREs in respective areas (i.e., Figure 5(a)). In
general, years with anomalous HREs than normal years are
characterized by an organized positioning of the ITCZ on
the NS of the study area which facilitated the moist westerly
wind anomalies to converge alongside these areas for en-
hanced convective activities. Also, the western sector of the
study area is marked with low-level convergence which
could be the main factors increasing the number of HREs
over these areas as it was explained in Figure 4(a).

Meanwhile, years with suppressed HREs than normal
years were characterized by a shift of the convergence zone
away from the western sector of the study area with the
con¨uent pattern/ITCZ over the NS being replaced by
shallow easterlies.

3.4.2. Velocity Potential and Divergent Wind Anomalies.
Figure 8 represents the composite velocity potential and
divergent/convergent wind anomalies for stations over the
northern coast and NEH during anomalous HREs. Centers
of low (high) velocity potential are associated with divergent
out¨ow (con¨uent in¨ow) of winds. Meanwhile, divergence
(convergence) in the upper troposphere (i.e., 200 hPa) is
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Figure 5: �e spatial pattern of (a) the second EOF mode (EOF-2) and (b) the third EOF mode (EOF-3) of the mean heavy rainfall during
the MAM season based on 1980–2010 climatology.
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accompanied with convergence (divergence) in the lower
troposphere. During anomalous HREs (Figure 8(a)), the
eastern (western) Atlantic (Indian) is associated with the low
tropospheric divergence (convergence). �e center of di-
vergence (i.e., at 0°) over the eastern Atlantic marks the
descending limb of the Atlantic Walker circulation. Notice
that, the divergent wind east of the Atlantic center ¨ows
eastwards (i.e., with northwesterly dominance, Figure 8(a))
in the lower troposphere and crosses Congo, thereby

advecting moist wind towards the study area. �e positive
velocity potential and wind convergence over the western
IndianOcean (i.e., centered over EasternTanzania in Figure 8(a))
coupled with the negative velocity potential and upper tro-
pospheric wind divergence (Figure 8(b)). It therefore re¨ects
the positioning of the ascending limb of the local IndianOcean
Walker circulation over East Africa which enhances convec-
tion for anomalous HREs bearing in mind that there is plenty
of moisture being advected to the study area.
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Figure 6: Composite wind vector anomalies for anomalous HREs than normal years at (a) 850 hPa and (b) 200 hPa; suppressed HREs than
normal years at (c) 850 hPa and (d) 200 hPa; the di¦erence between anomalous and suppressed HREs at (e) 850 hPa and (f) 200 hPa. Shaded
areas are signi�cant regions at t-test based on 95% con�dence interval.
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3.4.3. Upper Warm (Cold) Temperature Anomaly. On
contrary to the expectations, during intense HREs (Figure
9(a)), we noticed the presence of negative temperature
anomalies to the lower levels while the mid- and upper
levels are characterized by positive temperature anomalies.
An interesting �nding in this analysis is the location of the
strong positive (negative) temperature anomalies at 300 hPa
level (i.e., an upper warm (cold) temperature anomaly) over
the NS during anomalous (suppressed) periods of HREs
(Figure 9).

In the study of the source of summer heavy rainfall in
central Northern China, Sun et al. [51] found that the upper
tropospheric warm anomaly cantered at 300hPawas associated
with the westerly (easterly) wind anomalies to the north (south)
of the warm center. Under hydrostatic and geostrophic
equilibriums, the upper tropospheric warm anomaly con-
tributes to the generation of an anticyclonic (cyclonic) anomaly
above (below). But in this study, we realised that the UWTA is
accompanied with an eastward increase in the upper zonal
wind anomalies (i.e., eastward strengthened in upper westerly
wind anomalies) over the study area (see an area marked with
dashed rectangle in Figure 10(a)). �e results are opposite
when the upper cold temperature anomaly (UCTA) is in
position where there is the westward increase in the upper
zonal wind anomlies (i.e., weakening in upper westerly wind
while strengthening in upper easterly wind anomalies). �e
eastward (westward) increase in the upper zonal wind
anomalies over the study area (Figures 10(a) and 10(b))
during anomalous (suppressed) HREs corresponds with an

upper-level wind divergence (convergence), thereby acceler-
ating the formation of the cyclonic (anticyclonic) ¨ow in the
low level (Figures 10(c) and 10(d)). A detailed discussion on
how the UWTA (UCTA) results in an upper-level wind di-
vergence (convergence) are to be followed later.

Rather than looking into detail the structure of the UWTA
and UCTA, we broaden our concern on queries arising on
how do the duo anomalies in¨uence extreme HREs in-
dividually in a dynamical point of view. To answer this
question, we consider the use of the thermal wind equation
and velocity divergence form of the continuity equation
(DFCE) by enumerating the signi�cance of the terms in
practical settings. We reasonably owe to use these equations
since the horizontal temperature gradient in the thermal wind
equation tend to induce the vertical shear to geostrophic wind
[52], while the DFCEwill help to ascertain reasons on how the
vertical shear (i.e., increased/decreased in wind speed) will
lead into divergence/convergence, a necessary mechanism for
convective processes. According to Holton [52] and taking
into account the hydrostatic, geostrophic, geopotential, and
ideal gas law equations, the zonal component of geostrophic
wind is given as follows:

p
zug
zp

�
zug
zlnp

�
R

f

zT

zy
( )

p

. (1)

Equation (1) illustrates the relationship of the vertical
wind shear being the change of the zonal component of
geostrophic wind with respect to ln p.
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Figure 9: Composite vertical cross section of temperature anomalies along 28°E during (a) anomalous and (b) suppressed periods of HREs
based on 1980–2010 climatology. Shading indicates signi�cant areas at 95% con�dence interval.
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Integrating (1) fromp0 top1 with conditionp0 >p1, it forms

up0 − up1 � uT � −
R

f

zT

zy
ln

p0
p1
( ), (2)

where T is the mean temperature in the layer between isobaric
levels p0 and p1, f is the Coriolis parameter, uT is the zonal
component of the thermal wind, and up0 − up1 is the change in
the zonal component of geostrophic wind between p0 and p1.
Equation (2) states that the change in geostrophic wind be-
tween two isobaric levels p0 and p1 is directly related to the
horizontal layer mean temperature gradient (HMTG), zT/zy,
between respective levels and therefore a good diagnostic tool
in checking the analysis of the observed wind in these levels.

Substituting up0, up1, and zT/zy from (2) with the
anomaly �elds of up1′ , up0′ , and zT′/zy, respectively, the
equation becomes

Δu′ � u′p1 − u′p0 �
R

f

zT′
zy

ln
p0
p1
( ), (3)

where up0′ is the zonal geostrophic wind anomaly of the
lower isobaric level, up1′ is the zonal geostrophic wind

anomaly of the upper isobaric level, zT′/zy is HMTG
anomaly between p0 and p1 isobaric levels, and Δu′ is the
di¦erence in the zonal geostrophic wind anomalies between
p0 and p1 isobaric levels. It should be noted that anomaly
�elds in (3) are computed as the departure from the 6-year
mean of anomalous (suppressed) HREs. Equation (3) gives
an expression that the rise (fall) of HMTG anomaly between
p0 and p1 layer increases (decreases) the di¦erences in the
zonal geostrophic wind anomalies between the respective
isobaric levels, ↑Δu′(↓Δu′), by which its e¦ects are towards
increasing (decreasing) the zonal geostrophic wind anom-
alies of the upper isobaric level, ↑up1′ (↓u′p1).

�e practical quanti�cation of (3) was carried out to
investigate the in¨uence of the mid- to upper-level HMTG
anomalies (i.e., 600–300 hPa and 600–200 hPa isobaric
levels, Figure 9) and its corresponding in¨uence on the
di¦erences in the zonal geostrophic wind anomalies within
the layers during anomalous periods of HREs. Figure 11(a)
represents the spatial distribution of the 600–300hPa average
layer temperature anomalies during anomalous periods of
HREs. To have a better knowledge on how the UWTA
enhances anomalous HREs over the NS of the study area, we
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Figure 10: Composite anomaly distribution �elds for the air temperature (°C) at 300 hPa level (brown contour) and 200 hPa level zonal
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carried out a schematic analysis on the area marked with
a dashed elliptic circle (Figure 11(a)). A latitudinal cross
section through the Equator of an area marked with a dashed
elliptic circle (Figure 11(a)) deemed the positioning of two
areas one the above (i.e., scheme X) and the other below
(i.e., scheme Y) the Equator (Figure 12). Following the
decrease in the mean layer (600–300 hPa) temperature
anomalies from the higher to lower latitudes in scheme X
(i.e., 5°N to 0°), it makes the area within the scheme being in
favor of positive HMTG anomaly(zT′/zy> 0). Scheme Y
de�nes the area with negative HMTG anomaly with latitude
(zT′/zy< 0) bearing in mind that the mean layer (600-
300 hPa) temperature anomalies increase from the low to
high latitudes (i.e., 0°N to 6°S). Making use of (3) and taking
into account the respective HMTG anomalies and Coriolis
parameter in scheme X (f> 0) and scheme Y (f< 0), both
schemes portray the increase in the di¦erence of the zonal
geostrophic wind anomaly (↑Δu′). �e increase in the

di¦erence of the zonal geostrophic wind anomaly corre-
sponds with the increase in the 300 hPa zonal geostrophic
wind anomaly in respective schemes (Figure 12). Since the
schematic analysis in schemes X and Y are the subsets of an
area enclosed with a dashed elliptic circle in Figure 11(a), it is
worthwhile to note that the NS of the study area (i.e., dashed
elliptic circle in Figure 11(b)) is in favor of an eastward
increase in the upper-level (in hereafter 300 hPa level) zonal
geostrophic wind anomaly (i.e., eastward strengthening in
the upper westerly wind anomalies).

Assessing the way on how the increase (decrease) of the
upper-level zonal wind anomalies in (3) in¨uences the upper-
level divergence (convergence), we diagnose the following
DFCE:

1
ρ
Dρ
Dt

+ = · U � 0, (4)

where ρ is the density, U is the three dimension velocity
vector, t is time, and = is the Laplacian operator. However,
the horizontal divergence anomaly, =H · ΔU′, in (4) can be
expressed as follows:

−=H · U′ � −
zu′
zx

+
zv′
zy

( ) �
zw′
zz
, (5)

where w′ is the vertical velocity anomaly. For detailed ex-
pansion and discussion of the DFCE, refer to the study by
Holton [52].

�e di¦erence in zonal wind anomalies between 600 and
300 hPa levels in Figure 11(b) shows the longitudinal
(eastward) increase in the di¦erences with more positive
anomalies towards the NS of the study area. �e eastward
increase in the di¦erences tallies with that of the 300 hPa
zonal wind anomalies (i.e., �gure not included) particularly
over the NS. Taking the longitudinal cross section of the
300 hPa zonal wind anomaly for an area over the NS, it
shows positive zonal wind gradient anomaly (zu′/zx> 0)
over the NS following an eastward increase of the 300 hPa
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Figure 11: (a) 600–300 hPa average layer temperature anomalies (contour interval 0.02°C) and (b) the di¦erence in zonal wind anomalies
between 600 and 300 hPa levels (contour interval 0.2ms−1) during anomalous periods of HREs. Shading represents areas at 95% con�dence
level.
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zonal wind anomalies. With the use of (5) while ignoring the
component of the meridional gradient wind anomaly, it
therefore suggests that the area enclosed by a dashed elliptic
circle in Figure 11(a) is under the dominance of the upper-
level horizontal wind divergence since the divergence term is
greater than zero (=H · U′ > 0).

When the 600–200 hPa levels were involved in the
analysis (�gures not included), its HMTG anomalies and
corresponding di¦erences in the zonal geostrophic wind
anomalies �gured an agreement with the results represented
in schemes X and Y. For instance, Figure 13(a) shows the
200 hPa wind anomalies during anomalous HREs with an
eastward increase in the zonal wind anomalies over the NS of
the study area (i.e., see an elliptical circle in Figure 13(a)).
�e longitudinal cross section of the area within the dashed
elliptical circle in Figure 13(a) suggests the presence of
positive gradient of the zonal wind anomaly (zu′/zx> 0)
which favors an upper-level divergence (Figure 13(b)) since
the divergence term remains positive (=H · U′ > 0). �e
strong upper-level wind divergence centered at 2°S and 38°E
(Figure 13(b)) extending over the coastal belt and NS of the
country acts as the primer in accelerating the vertical ascent
(Figure 14) and deepening the low pressure at low level
(Figure 10(c)), an important mechanism in convective in-
stability and HREs formation in the locality.

It is clear from Figure 9 that strong positive and negative
coe¢cients of temperature anomalies are positioned at
300 hPa, making this level the most likely contributor to the
HMTG anomalies within the layer (i.e., 600–300 hPa and
600–200 hPa levels). We noticed that the rise and fall of
temperature anomalies at 300 hPa has a pronounced e¦ect
not only on the 200 hPa zonal geostrophic wind speed
anomalies but also on the wind direction.

4. Summary and Conclusion

In this study, we investigated the spatial and temporal
distribution of HREs together with the impaction of the

UWTA among other circulation anomalies during theMAM
rainfall season in Tanzania based on 1980–2010 climatology.
A total of 822 HREs were revealed from sixteen (16) synoptic
stations involved in the analysis. HREs are found to be
concentrated over the NS, and along the coastal belt, the
extreme concentration was mainly to the western Lake
Victoria basin (i.e., Bukoba) and over extreme northern
coast (i.e., Tanga, Zanzibar, and Pemba).

We noted that the higher number of HREs were also
found to enhance the total MAM rainfall over respective
areas signi�cantly and therefore subjected to the risks of
¨ooding events especially during April (at most) and May
while March being the least vulnerable month to the risks of
HREs. An overall trend of heavy rainfall over the country
during the period of study shows the majority of the stations
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Figure 13: A spatial distribution pattern of the (a) zonal wind anomaly �elds in ms−1 and (b) horizontal wind divergence anomaly �elds
(contour intervals 0.2×10−6·s−1) at 200 hPa isobaric level during anomalous HREs based on 1980–2010 climatology.
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are with positive (increasing) trend either being significant at
95% confidence interval but without changing points or with
changing points (abrupt changes), while insignificant at 95%
confidence interval.

However, the study examined circulation patterns that
were linked to anomalous (suppressed) HREs during MAM
of 1980–2010 climatology. Years with strong amplitude of
normalized heavy rainfall departures of greater than +1 and
less than −1 of the standard deviation were used and clas-
sified as years with anomalous and suppressed HREs than
normal years, respectively. +e observed circulation features
indicate that anomalous heavy rainfall over the NS of the
country (i.e., Kigoma, Tabora, Lake Victoria basin, Tanga,
Moshi, KIA, Arusha, Pemba, and Zanzibar) were related to
low-level westerly convergence, enhanced low-level mois-
ture flux convergence, and pronounced uplift motion.

During the period of anomalous HREs, the ITCZ was
well positioned over the NS of the country while pulling the
moist and unstable westerlies from the Congo basin towards
the NS where it converges at low levels. +e low-level influx
of moisture was an input due to strengthening and an inland
movement of the high-pressure cell over the Angola coast.
+e strengthening/positioning (at 21°E and 17°S) of the said
high-pressure cell helps to position the meridional arm of
the ITCZ over the study area and the transfer the moist
southwesterly winds from the Atlantic and western areas
towards the country where it converges with the moist
easterlies from Indian Ocean and westerlies/northwesterlies
from CAB to favor pronounced convection over the western
part of the study region.

Furthermore, the composite velocity potential anomalies
indicate the position of the ascending limb of the Walker
circulation type centered over Tanzania. Overall, a strong
uplift in the NS is accompanied with the fetch of the low-
level moisture flux from Congo basin and tropical Indian
Ocean where it converges and favors a pronounced con-
vection leading to anomalous heavy falls. Since the UWTA is
associated with the formation of the upper-level wind di-
vergence, low at low levels, and strengthened upper-level
westerlies, it is strongly thought to induce deep convection
over the NS leading into increased HREs. Making use of the
thermal wind equation and the velocity divergent form of
continuity equation (DFCE), we found that the UWTA
results into an upper-level horizontal wind divergence which
significantly accelerate vertical ascent, deepening the surface
low pressure for an enhanced convective process and HREs
formation.

We also found that the circulation patterns induced by
the UCTA are in opposite to those of the UWTA; the im-
plication is that the UCTA is towards suppressing HREs.+e
study examined the patterns involved in periods of sup-
pressed HREs andmanages to observe a shift of the low-level
convergence away from the study area while being placed
over Zambia. +e reason for the shift in the pattern is the
weakening and retarding back (to 7°E and 19°S) of the high-
pressure cell over the Angola coast coupled with strong
northeasterly winds crossing the coastal belt of the study
area and finally converging over Zambia to favor convection
over the particular area. +e presence of divergent or weak

convergent signals of moisture flux in some areas of the NS
was the key factor to reveal the deficit of HREs over the NS of
the country.
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