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Abstract: 

The study investigates the influence of the tropical Atlantic Ocean and its Walker circulation cell on October to 

December (OND) rainfall variability over Tanzania. The first two SVD modes contribute 95.3% of the total 

covariance with the strongest (positive) and significant correlation (𝑟𝑟 ≅ 0.7) at the 99% confidence level showing a 

close relationship between OND rainfall and MAM tropical Atlantic SST anomalies. Significant positive running 

correlation observed between MAM Atlantic SSTs and OND rainfall indicates the variability of rainfall observed 

during the OND season is influenced by variability of Atlantic Ocean SSTs anomaly. Both SVD modes captured the 

positive phase of the South Atlantic Ocean dipole (SAOD) which is characterized by warm sea surface temperature 

(SST) anomalies in the southwest pole (SWP) and cool SST anomalies in the northeast pole (NEP). The Walker 

circulation cell observed is due to inhomogeneous warming over the tropical Atlantic Ocean with ascending limb 

where it is relatively warm in the SWP and descending limb where it is relatively cool in the NEP. Non-significant 

low correlation is observed between the Atlantic Walker Circulation Index and the Oceanic Indices (Dipole mode 

index (DMI) and Nino 3.4). This indicates that the Atlantic Walker circulation cell is an independent system 

resulting from local ocean-atmosphere interaction and does not depend on the influence of the tropical Indian or 

Pacific Oceans. Above average rainfall in Tanzania during the OND season is associated with the ascending limb of 

the Atlantic walker circulation cell which is enhanced by convection in the western Atlantic Ocean and the latent 

heat released through the condensation in the mid-level which is advected by westerly winds aloft towards the study 

region, enhancing warming, and ultimately enhancing rainfall over Tanzania. 

 Keywords: Tropical Atlantic Ocean; OND rainfall variability; Walker circulation cell; Tanzania; SAOD; SVD. 

1. INTRODUCTION 

Floods and Droughts are extreme climate events that affect almost all socioeconomic 

sectors in Tanzania. Rainfall is the most important weather element in the tropics, where the 

region of this study lies (Okoola, 1999), and it greatly affects the economies of most tropical 

countries. This requires proper comprehension of the factors controlling weather, particularly 
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rainfall, to upgrade the quality of forecasts. In response, this paper investigates the influence of 

the tropical Atlantic Ocean on October- December (OND) rainfall over Tanzania. The study area 

is located within longitudes 28°E – 42°E and latitudes 12°S – 0.8°S (Fig. 1). Rainfall over 

Tanzania exhibits a large spatial and temporal variability. The spatial variation has been linked to 

the presence of large scale systems for instance the Sea Surface Temperature (SST) and the 

Walker circulation cell among others (Owiti et al., 2008) and local systems such as inland large 

water bodies which includes Lake Victoria, Lake Nyasa, among others, and complex topography 

(Ogwang et al., 2012). The two main rainfall regimes experienced in Tanzania are bimodal and 

unimodal. Most parts of Tanzania experience unimodal rainfall (Yonah et al., 2006). However, a 

bimodal rainfall, comprising of the long rains of Masika between March to May and short rains 

of Vuli between October to December, is the pattern for most of the northeastern, northwestern 

(Lake Victoria basin) and the northern parts of the coastal belt. The observed bimodal rainfall 

pattern coincides with the passage of the Inter Tropical Convergence Zone (ITCZ) (Nicholson, 

2018).  

 
 

The equatorial zonal circulation of the atmosphere (Walker circulation cell) originates 

from the zonal temperature differences along the equator mainly caused by the land-sea 

temperature distribution and ocean circulation within the tropics. These circulation cells are the 

Indian Ocean cell, the Pacific Ocean cell and the Atlantic Ocean cell (Hastenrath, 1985). The 

Walker Circulation cell is the most prominent and its variability is strongly linked to sea surface 

temperature (SST) variations associated with the El Niño Southern Oscillation (ENSO) 

phenomenon. The Mean state and variability of these zonal circulation cells have large 

socioeconomic impacts via modulating the distribution of e.g., precipitation, severe weather and 

stream flow (Power and Kociuba, 2011). Biasutti et al. (2004) supported on the other ways in 

which the SST anomalies may increase rainfall over tropical Africa. They suggested that tropical 

Atlantic SST variability affects the position of the maritime ITCZ, since the SST causes a 

hydrostatic adjustment of the atmospheric boundary layer, which results in a change in the 

surface pressure and low level convergence. This affects remote areas from the SST anomaly, 
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such as equatorial coastal regions, including Tanzania, because circulation anomalies resulting 

from condensation heating within the maritime ITCZ extend equatorward and transfer the SST 

signal inland. The atmospheric response to changes in subtropical Atlantic SST is advected 

inland and forces changes in sea level pressure and low-level convergence across a large part of 

tropical Africa. 

 
 

The October to December (OND ‘short rain’) rainfall variability over East Africa region 

including Tanzania shows more inter annual variability than in March-May (MAM ‘long rain’) 

(Indeje et al., 2001) and has a positive correlation with Indian Ocean Dipole (IOD) and El Niño–

Southern Oscillation (ENSO). By using Empirical Orthogonal Function (EOF) analysis, Mutai 

and Ward (2000) revealed that anomalous SST in the Atlantic Ocean has also been associated 

with rainfall fluctuations in eastern Africa. A previous study done by Reason and Jagadheesha 

(2005) has found evidence that the inter annual variability in southern Africa winter rainfall is 

associated to SST in the South Atlantic Ocean and to large-scale ocean–atmosphere interaction 

in that domain. During wet winters, SST is anomalously warm (cool) in the southwest Atlantic 

and southeast Atlantic (central South Atlantic), and this SST behaviour appears to be statistically 

related to rainfall extremes. Furthermore, the work of Williams et al. (2008)  established that 

both decreasing SSTs in the central South Atlantic and increasing SSTs off the coast of south 

western Africa lead to rainfall extremes over southern Africa, through local effects such as 

increased convection and remote effects such as the Walker-type circulation cell. In their study, 

they found that rainfall extremes over southern Africa were closely related to other cells that 

have been created in the western South Atlantic and over South America. To show the existing 

influence of the Walker-type circulation over the Atlantic Ocean, Jury, (2015) revealed that 

tropical South Atlantic zonal overturning ocean circulation is a determinant of southeast 

Ethiopian Mar-May rainfall. Gradual increase of low pressure system off the South American 

coast, strengthening of northerly winds in the western South Atlantic and southerly winds off the 

South American coast, propose a second cyclonic gyre of winds around the low, and hence the 
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ascending branch of a Walker-type cell in the western South Atlantic and over the eastern coast 

of South America. 

 
 

In this paper, we investigate the influence of the tropical Atlantic Ocean and its Walker 

circulation cell on October to December rainfall variability over Tanzania by addressing three 

important questions. Firstly, is there any close relationship between Atlantic SST anomaly 

(SSTA) and the observed OND rainfall over Tanzania? Secondly, how does the Atlantic SSTA 

influence OND rainfall over Tanzania? Thirdly, what is the response of the Walker circulation 

cell to Atlantic SSTs anomaly and how is this linked to OND rainfall over Tanzania?  

2. DATA SETS 

The major data source used in this study is the NCEP-NCAR reanalysis fields from January 

1981 to December 2010 provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, 

from their Web site at https://www.esrl.noaa.gov/psd/. The NCEP–NCAR reanalysis fields use a 

state- of-the-art global data assimilation system using past data from 1948 to the present on a 

2.5o longitude by 2.5o latitude grid (Kalnay et al., 1996). Data were analyzed as monthly mean 

fields. The elements of interest are the field of wind, velocity potential and vertical velocity with 

17 vertical levels. In this study, the pressure vertical velocity is multiplied by -1, so positive 

values of the vertical velocity indicate an upward movement of air parcels. Since the study 

investigates the influence of the tropical Atlantic Ocean on rainfall over Tanzania, the analysis of 

tropical atmospheric circulation related to Atlantic climate variability are shown with full 

coverage from 45oS to 30oN over the Atlantic Ocean. 

Monthly SST and precipitation data were also used in this study. SST data is taken from the 

NOAA_NCDC_ERSSTv5 dataset on a 2o latitude by 2o longitude from 1981 to 2010, and the 

precipitation data is taken from http://badc.nerc.ac.uk/data/cru/ given by CRU TS4.03 

Precipitation with a resolution of 0.5o x 0.5o with the same period, the same data set was used by 

Chen et al. (2002). The indices used are Atlantic Nino (ATL3) index (3oS-3oN, 20oW-0o), Pacific 

Nino (Nino 3.4) index (5oS-5oN, 170oW-120oW), Indian (Dipole Mode Index, DMI) index 

This article is protected by copyright. All rights reserved.



 
INFLUENCE OF ATLANTIC WALKER CELL ON RAINFALL VARIABILITY 

(50oE-70oE, 10oS-10oN and 90oE-110oE, 10oS-0N), Tropical Northern Atlantic (TNA) index 

(5.5oN-23.5oN, 57.3oW-15oW), and Tropical Southern Atlantic (TSA) index (20oS-0oN, 10oE-

30oW). ATL3 index is obtained by calculating the area average of SST anomaly in the cold 

tongue during the MAM season as the index was used by Wang (2001) in the  investigation of 

the Atlantic Climate Variability and its associated atmospheric circulation cell. DMI from the 

Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) and Nino 3.4 from 

NOAA ERSST V5 were also used. TNA and TSA from HadISST and NOAA OI 1x1 datasets, as 

they were used by Enfield et al. (1999) in their study were also used in this study. With all of the 

data, monthly climatologies from 1981 to 2010 were calculated and then anomalies are obtained 

by subtracting the monthly climatology mean value from a monthly value for each year. 

 
 

3. METHODS 

3.1 Singular value decomposition (SVD) 

The singular value decomposition technique (SVD) is used to analyse the covariability 

between anomalous October-December rainfall in Tanzania and the large- scale anomalous sea 

surface temperature (SST) in the Atlantic Ocean for 30-yr period from 1981 to 2010. The SVD 

decomposes the covariance matrix of two fields into singular values and two sets of paired-

orthogonal vectors, the spatial patterns of which are called loading maps. The expansion 

coefficients for either field are matrix products of the field and its loading map (Zhang et al., 

2017). The squared covariance fraction (SCF), or the proportion of squared covariance explained 

by a pair of expansion coefficients, can be calculated from the singular value. While EOF is very 

useful in data reduction when working with one spatial‐temporal field, the S VD approach used 

in this analysis has the advantage of evaluating the cross‐covariance matrix of two spatial‐

temporal fields to identify regions of similar behaviour (Aziz et al., 2010). Bretherton et al. 

(1992) defines SCF as a useful measurement for comparing the relative importance of modes in 

the decomposition. Each singular value was squared and divided by the sum of all the squared 

singular values to produce a fraction (or percentage) of squared covariance for each mode.  This 
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technique is applied to two jointly analysed fields to identify couples of the coupled spatial 

pattern and their respective temporal variations. Each pair explains a degree of covariance 

between the two jointly analysed fields. The decomposition allows the extraction of dominant 

modes of the coupled covariability between the two analysed fields. 

 
 

3.2 The South Atlantic Ocean Dipole (SAOD) Index 

Using the SVD analysis, two centres of opposing SST variability (intense warming and 

cooling) were observed in the South Atlantic Ocean (SAO). One centre is located in the northeast 

pole referred to as NEP (10oE-20oW, 0o-15oS) and the other in the southwestern pole abbreviated 

as SWP (10o-40oW, 25o-45oS). SAOD index (SAODI) is calculated by taking the differences in 

the domain-averaged normalized SST anomaly (SSTa) over the SWP and NEP. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆]𝑆𝑆𝑆𝑆𝑆𝑆 − [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆]𝑁𝑁𝑁𝑁𝑆𝑆      (1) 

Where the square brackets represent domain averages and subscripts show the regions over 

which the index is calculated. Negative (positive) phase of the SAODI means cool (warm) SST 

in the NEP (SWP) off the coast of West Africa (Argentina‐Uruguay‐ Brazil coast) and warm 

(cool) SST in the SWP off the Argentina‐Uruguay‐ Brazil coast (coast of W est A frica). The 

same technique has been successfully used by Nnamchi et al. (2011) and Ogwang et al. (2016). 

SAODI is being used in this study to investigate whether there is a possible connection between 

the dipole mode in the SAO and regional climate anomalies specifically rainfall variability over 

Tanzania. SAOD is essentially different from the well-known Atlantic Nino which is linked to 

Pacific El Nino events. 

3.3 Atlantic Walker Circulation Cell Index 

For better understanding of atmospheric circulation cell with Atlantic climate variability, the 

zonal circulation along the equator was examined. As a measure for the zonal circulation, the 

zonal stream function and zonal velocity potential were used to show the existence of the Walker 

circulation cell since the equatorial zonal circulation is characterized by the atmospheric mass 
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flux. As defined by Yu and Boer (2002), the Walker circulation was expressed as a thermally 

driven divergent component of atmospheric flow in terms of the stream function. 

 
 

𝜓𝜓 = 2𝜋𝜋𝑆𝑆 ∫ 𝑢𝑢𝐷𝐷
𝑑𝑑𝑑𝑑
𝑔𝑔

𝑑𝑑
0       (2) 

Where 𝑢𝑢𝐷𝐷 denotes the divergent component of the zonal wind, 𝑆𝑆 the radius of the earth, 𝑝𝑝 the 

pressure, and 𝑔𝑔 the gravity constant. The study averaged the zonal wind for the meridional band 

between 5oN and 5oS and integrated from the surface to the top of the atmosphere following the 

same procedure used by Yu et al. (2012) and Bayr et al. (2014). The same formula was used for 

the mean state of zonal velocity potential to express the Walker circulation cell over the tropical 

Atlantic Ocean. To see whether or not the Atlantic zonal circulation pattern (Walker circulation 

cell) has effect in the wet or dry event over the study period, the three-month running means time 

series of 500 hPa vertical velocity anomalies was used to measure the Atlantic walker circulation 

cell. This is called the Atlantic walker circulation index defined by 500 hPa vertical velocity 

anomalies in the region of 2.5oS-2.5oN, 40o-20oW (Wang 2001). The index was compared with 

the one calculated from the mean state of zonal velocity potential by taking the difference of 

velocity potential anomaly (𝜒𝜒) at 850 hPa (200 hPa) in the SWP region where there is ascending 

(descending) and that of NEP region where there is descending (ascending) limb of the Walker 

circulation cell (equation 5). Although both indices were significantly correlated to OND rainfall 

over Tanzania, the Walker circulation index from 500 hPa vertical velocity was strong and 

significantly correlated with ATL3, SAODI, and OND rainfall over Tanzania at the 95% 

confidence level while that of velocity potential was significant at the 90% confidence level. 

This led the study to use the index calculated from the 500 hPa vertical velocity. 

𝜒𝜒𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜒𝜒850ℎ𝑆𝑆𝑃𝑃 − 𝜒𝜒200ℎ𝑆𝑆𝑃𝑃      (3) 

𝜒𝜒𝑁𝑁𝑁𝑁𝑆𝑆 = 𝜒𝜒850ℎ𝑆𝑆𝑃𝑃 − 𝜒𝜒200ℎ𝑆𝑆𝑃𝑃      (4) 

𝑊𝑊𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟 𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐𝑢𝑢𝑊𝑊𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑑𝑑𝑊𝑊𝑒𝑒 = 𝜒𝜒𝑆𝑆𝑆𝑆𝑆𝑆 − 𝜒𝜒𝑁𝑁𝑁𝑁𝑆𝑆   (5) 
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Moreover, the time correlation among TSA, TNA, SAODI, ATL3, DMI, Nino 3.4, 

Walker circulation index and OND rainfall are computed to reveal the strength and the direction 

of the linear relationship between two variables (Owiti et al., 2008; Nnamchi et al., 2011). The 

significance of the correlation coefficient (r) was tested to decide whether the computed value of 

r is significant to provide a strong enough evidence that there is a linear relationship between two 

variables. The time lag correlation coefficients were used in this study to find out in what time 

step the Atlantic Ocean and other related indices have a strong and significant linear relationship 

with Tanzania’s rainfall. The same technique has been used by other researchers (Kug et al., 

2006; Otte et al., 2017) in the region. Running correlation was also used to examine a possible 

variation in the connection between two climate time series (Gershunov et al., 2001; Slonosky et 

al., 2001; Polyakova et al., 2006). This technique was computed based on the 9 sliding windows 

moving over the whole time periods. 

 
 

3.4 The Three-dimensional (3D) Diabatic heating 

To help find the source regions and forcing of air parcel to gain heat through the latent heat of 

condensation in the anomalous warm tropical Atlantic SSTs following the deep convection in the 

middle troposphere, the 3D diabatic heating is calculated and analysed. Defined by Yu and 

Zwiers (2010), the vertically integrated diabatic heating can be expressed as; 

𝑄𝑄� = 𝑅𝑅𝑇𝑇 − 𝐹𝐹𝑆𝑆 + 𝐿𝐿(𝑃𝑃 − 𝐸𝐸)     (6) 

where 𝑅𝑅𝑇𝑇 represents the downward radiation at the top of the atmosphere (TOA), 𝐹𝐹𝑆𝑆 the 

downward surface flux (including radiative and turbulent heat fluxes), L the latent heat due to 

evaporation, P the precipitation rate, and E the surface evapotranspiration. The 3D diabatic 

heating Q was diagnosed as a residual from the time-averaged thermodynamic equation (Nigam, 

1994). The same method was used by Yu et al. (2007) who vividly compared the computed value 

of Q with results from previous studies. Often in the tropics, the diabatic heating and adiabatic 

cooling occurs at the same time in the mid-levels of the troposphere (Mitas and Clement, 2006). 

In the residual calculation, the diabatic heating is estimated as; 
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𝑄𝑄 = 𝜕𝜕𝑇𝑇�

𝜕𝜕𝜕𝜕
+ 𝑉𝑉� .𝛁𝛁𝑆𝑆� + �𝑝𝑝 𝑝𝑝𝑜𝑜� �

𝑘𝑘
𝜔𝜔� 𝜕𝜕𝜃𝜃�

𝜕𝜕𝑑𝑑
   (7) 

 
 

where 𝑆𝑆 is the temperature (K), 𝑽𝑽 (u, v) are the horizontal velocities (ms-1), 𝜔𝜔 is the vertical 

velocity (Pas-1), 𝜃𝜃 is the potential temperature (K), and 𝑊𝑊 = 𝑅𝑅
𝐶𝐶𝑑𝑑� = 0.286 while 𝑅𝑅 and 𝐶𝐶𝑑𝑑 are 

the gas constant and specific heat at constant pressure of dry air and 𝑝𝑝𝑜𝑜 = 1000 ℎ𝑃𝑃𝑆𝑆. The 

overbar denotes the monthly average. Eq. 7 is used to explain the local temperature change, 

horizontal temperature advection and adiabatic heating respectively in the right hand side of the 

equation and the total advective temperature tendency ( 𝑆𝑆𝑃𝑃𝑑𝑑𝑎𝑎_𝜕𝜕𝑜𝑜𝜕𝜕) which is dominated by vertical 

component and the adiabatic compress term is defined as 

𝑆𝑆𝑃𝑃𝑑𝑑𝑎𝑎_𝜕𝜕𝑜𝑜𝜕𝜕 = −𝑉𝑉ℎ.𝑉𝑉𝑑𝑑𝑆𝑆 − 𝜔𝜔
𝜕𝜕𝑆𝑆
𝜕𝜕𝑝𝑝

+
𝜔𝜔
𝜌𝜌𝐶𝐶𝑑𝑑

 

= 𝑆𝑆𝑃𝑃𝑑𝑑𝑎𝑎_ℎ𝑜𝑜𝑜𝑜𝑜𝑜 − 𝜔𝜔 𝜕𝜕𝑇𝑇
𝜕𝜕𝑑𝑑

+ ∆𝑆𝑆𝑃𝑃𝑑𝑑𝑜𝑜𝑃𝑃𝑎𝑎     (8) 

where 𝑆𝑆 is the temperature, 𝑉𝑉ℎ is the horizontal wind vector, ∆𝑆𝑆𝑃𝑃𝑑𝑑𝑜𝑜𝑃𝑃𝑎𝑎 is the adiabatic 

compression term, 𝑆𝑆𝑃𝑃𝑑𝑑𝑎𝑎_ℎ𝑜𝑜𝑜𝑜𝑜𝑜 is the advective temperature in its horizontal component, 𝑝𝑝 is the 

pressure, and 𝜔𝜔 is the vertical velocity in p coordinates. The estimation was done based on the 

NCEP-NCAR reanalysis (Kistler et al., 2001) for 30 years from 1981 to 2010 at 12 pressure 

levels ranging from 1000 mb to 100 mb same as used by Yu et al. (2007) and Yu and Zwiers 

(2010). Furthermore, outgoing longwave radiation (OLR) was used to compare and confirm the 

presence of more convective activity over the Atlantic Ocean with the results of the diabatic 

heating equation which was developed in this study. The OLR has been widely used as a good 

proxy for tropical deep convective activity, particularly in diagnosing and understanding the 

tropical inter annual variability (Chiodi and Harrison, 2010; Loeb et al., 2012). In this study we 

use the Interpolated 2.5o by 2.5o grid monthly mean OLR data provided by the 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at 

https://www.esrl.noaa.gov/psd/. 
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4. RESULTS 

 
 

4.1 Correlation of MAM Atlantic SST variations and OND rainfall 

4.1.1 Coupled modes 

The results identify modes of behaviour in which MAM Atlantic SST variations and OND 

rainfall are significantly coupled. The two leading modes accounts for 95.3% of the total square 

variance, which signify the importance of these two modes in the relationship between rainfall 

and SST variability (Table 1). Figure 2a showing the first leading mode (SVD1) is characterized 

by warming SSTs over the southern part of the Atlantic Ocean (SWP) and cooling SSTs over the 

northern part including the northeastern pole (NEP). This variability (seesaw SST between south 

and north of the Atlantic) is accompanied by a mono-pole pattern of OND rainfall showing a 

positive loading extending over the entire region with a strong positive loading over the north 

and coastal region (Fig. 2b). The second leading mode (SVD2) in Figure 3a also shows a dipole 

pattern over the South Atlantic Ocean with a warming pattern in the SWP and cooling patterns in 

the NWP. We have used these two centres to calculate the SAODI since Fig. 3a is accompanied 

with a dipole like structure and rainfall dipole pattern (Fig. 3b) with a positive loading over the 

western part of the country and negative loading over the eastern part. This dipole pattern 

observed over the country motivated finding out whether there is an existing relationship 

between the dipole like pattern observed in the Atlantic Ocean and the OND rainfall over 

Tanzania. This pattern over the southern Atlantic Ocean is consistent with the results found by 

(Nnamchi and Li, 2011; Nnamchi et al., 2011;Ogwang et al., 2016). Table 1 depicts the square 

covariance fractions (SCF) explained by each mode and the correlation coefficient (r) between 

the expansion coefficients of both variables as the indicators of the strength of the coupling. The 

first mode exhibits a strong and highly significant coupling between rainfall and SST. While the 

second mode explains the low variance, its high corresponding coupling coefficient highlights 

the relative importance of the second mode.  We label the spatial patterns as 𝑆𝑆𝑘𝑘 and expansion 

coefficient as 𝑃𝑃𝑘𝑘, 𝑊𝑊 = 1,2. The first time series (Fig. 2c) is dominated by inter annual timescale 
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while the second one (Fig. 3c) is dominated by a mixture of inter annual and inter decadal 

oscillations. The first and second temporal amplitude for rainfall and SST correlate to each other 

with a significant r=0.69 and r=0.7 respectively at the 99% confidence level. To confirm the 

relationship between Atlantic SST anomalies to OND rainfall anomaly, heterogeneous 

correlation (defined as Pearson correlations between the expansion coefficients of one field and 

original grid point values of the other (Zhang et al., 2017)) of the first leading mode (Fig. 2d) 

was computed under 99% confidence level, which gave a strong and significant correlation 

coefficient (r=0.68) that indicates how well the OND rainfall can be predicted from the MAM 

Atlantic SSTs anomaly. 

 
 

4.1.2 Lead and Lag Correlation, running correlation and linear correlation 

Time lag correlation over the same period of observations for the tropical Ocean indices 

(TNA, TSA, ATL3, DMI, Nino 3.4) and Atlantic SSTs anomaly to OND rainfall was analysed. 

These indices were referenced to OND rainfall to observe by how many time steps they lead or 

lag behind OND rainfall. Figure 4a depicts that the maximum negative correlation of -0.5, -0.4 

and -0.41 at the 95% significance level occur when Atlantic SST anomalies, TSA and ATL3, 

respectively lead OND rainfall by 7 months. This suggests that the MAM season over Atlantic 

Ocean, TSA and ATL3 play a key role in the variation of OND rainfall in Tanzania. 

Additionally, the maximum positive correlation of 0.57 and negative correlation of -0.4 occur 

when Nino 3.4 lag the OND rainfall by 2 months and TNA lead the OND rainfall by 4 months, 

respectively. A significant maximum zero lag correlation of 0.65 at the 99% confidence level 

was recorded between DMI and OND rainfall over Tanzania for the past 30 years (1981-2010).  

Figure 4b shows that the running correlation of the MAM Atlantic SST (PC1) and OND 

rainfall over a 9-years sliding window has been non-stationary from 1981 to 2010. It indicates 

that a significant (positive) correlation coefficient (r>0.67) at the 95% confidence level exists 

from late 1980s to late 2000s. This shifting linkage between MAM Atlantic SST and OND 

rainfall is quite promising, and its full understanding could lead to improved rainfall prediction 
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over Tanzania. Figure 4c illustrates a significant non-stationary between the SAODI and OND 

rainfall for the whole period on inter annual time scale. The maximum negative correlation 

observed in the 1980s was not significant and was relatively stationary. The correlation becomes 

more positive and significant from early to late 1990s with a maximum correlation of 𝑟𝑟 ≅ 0.9 in 

1995. This prolonged stable period goes down to a steep decline from the late 1990s towards the 

end of the study period to zero correlation. The running SAODI/OND rainfall correlations are 

generally positive when SWP of Atlantic SSTs is in its warm phase, it is negative otherwise. 

ATL3 index and OND rainfall (Fig. 4d) correlate insignificantly before the year of 1985 and the 

correlation from late 1980s to late 1999s seems to be statistically significant at the 95% 

confidence level with the strong negative correlation of  𝑟𝑟 ≅ −0.9; and are non-stationary which 

indicates that the variability of OND rainfall during that period was associated with the 

variability of ATL3 index. The running correlation between Walker circulation index and OND 

rainfall (Fig. 4e) shows a weak negative correlation of r=-0.3 but significant before late 1980s 

and after 1990s; however, the correlation is non-stationary throughout the study period. The 

fluctuation of running correlation between these indices (ATL3, SAODI, Atlantic SSTs and 

Walker circulation index) and OND rainfall indicates that the relationship between Atlantic 

MAM variability and OND rainfall in Tanzania is sometimes robust.  

 
 

Simple linear correlation analysis in Table 2 reveals that SAODI is statistically significantly 

correlated with OND rainfall with r=0.5 under 99% significance level and it illustrates the strong 

positive correlation (significant at the 99% confidence level) between SAODI and Nino 3.4 

which answers the fundamental question that was raised by Nnamchi, Li and Anyadike (2011) 

whether SAODI is different from Nino 3.4 index. ATL3 index is significantly negatively and 

positively correlated with OND rainfall and Nino 3.4 index with a correlation value of r=-0.4 and 

r= 0.4, respectively at the 95% confidence level. This demonstrates that ATL3 index is strongly 

connected to the influence of OND rainfall and is partly influenced by ENSO event in the Pacific 

Ocean. Likewise, the result shows that the correlation between ATL3 index and DMI is weak 

(positive) and not significant with r=0.2. This means that ATL3 is somehow independent from 
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the influence of IOD. Walker circulation index shows a negative and significantly correlation 

(r=-0.3) at the 95% confidence level and insignificant correlation with DMI and Nino 3.4 index. 

This draws a conclusion that MAM Atlantic walker circulation cell has a significant impact on 

OND rainfall and it is an independent atmospheric system which happens without the influence 

of Tropical Indian and Pacific Ocean SSTs anomalies. Low correlation denotes that local ocean-

atmosphere interaction may play important role in the variations of Atlantic Walker circulation 

cell. TSA and TNA are significantly negatively correlated with OND rainfall (r=-0.4 and r=-

0.38, respectively) at the 95% confidence interval with TSA being influenced by IOD (DMI) and 

ENSO (Nino 3.4) events with a correlation of r=-0.33 and r=-0.45 under 95% and 99% 

significance, respectively. On the other hand, the correlation between TNA and DMI is weak 

(positive) and insignificant (r=0.2) while it is negatively and significantly correlated to Nino 3.4 

index (r=-0.36). 

 
 

The correlation map of OND rainfall and Atlantic SST (Fig. 5a) captures the spatial features 

of the SAOD characterised by a reversal in sign between two distinctive poles with a strong 

positive correlation centred on the SWP and the negative one centred on the NEP. This means 

that the warming of surface water in the SWP associated with cooling in the NEP provides a 

favourable condition for the occurrence of rainfall over Tanzania. The magnitude of correlation 

between these two poles is equally intense and spatially similar but of opposite sign during 

SAOD. Figure 5b shows the positive significant correlation over SWP and negative significant 

correlation over NEP at the 95% confidence level, which depicts the presence of ascending 

(descending) limb over SWP (NEP). However, the correlation pattern in Fig. 5c depicts a 

positive correlation all over Tanzania with a significant correlation at the 95% confidence level 

over the western and southern part of the country. In contrast, the correlation of the SAODI and 

OND rainfall anomalies is insignificant over the northern part. It is readily evident that SAODI 

has a strong influence on the rainfall anomalies over Tanzania. The correlation pattern in Fig. 5d 

depicts almost a positive correlation between OND rainfall and MAM Atlantic SST (PC1) 

anomalies over the entire region with the strongest and significant correlation at the 95% 
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confidence level over the southern, western, and eastern coastal regions of the country. This 

demonstrates that MAM Atlantic SST anomalies have a contribution on OND rainfall observed 

over the country, especially in the east coast region as shown in Fig. 2b. Atlantic Nino (ATL3) in 

Fig. 5e shows a bivariate correlation in the region with a negative significant correlation over the 

southern region. This indicates the presence of significant relationships between Atlantic Nino 

and OND rainfall over that section.  The Atlantic walker circulation cell is strongly positive and 

significantly correlated with rainfall over the northern and north eastern region (Fig. 5f) while 

the southern regions are significantly negatively correlated at the 95% confidence level. The 

spatial pattern of correlation between PC1 to OND rainfall and SAODI to OND rainfall gives 

similar structure of the SVD1 Rainfall (Fig. 2b), Also the spatial patterns of correlation between 

the Walker circulation index on OND rainfall over Tanzania give almost the same structure with 

that of SVD2 Rainfall (Fig. 3b). 

 
 

4.2 Influence of Atlantic Walker circulation cell on OND rainfall over Tanzania 

The composite analysis of zonal-vertical circular cross section of divergent wind and 

pressure vertical velocity anomalies based on 4 significant warm events (positive SST years) of 

1981, 1982, 1985, and 1997 from the time series of SVD1 during the 30-yr period of study in 

Fig. 6a illustrates the equatorial zonal circulation moving in a clockwise direction over the 

western Atlantic Ocean with an anomalous ascending limb in the equatorial western Atlantic 

(along 50o-20oW) and anomalous descending limb in the East Atlantic (around 5oW-10oE) i.e. 

the air ascends in the west of the Atlantic Ocean, moving eastward in the upper troposphere, 

sinks in the east of the Atlantic Ocean and returns towards the west in the lower troposphere. 

Associated with these anomalous ascending and descending branches of the Walker circulation 

cell over the Atlantic Ocean, is the presence of the eastward ascending limb of Walker 

circulation cell characterized by a positive vertical velocity that indicates stronger upward 

vertical motion over the study area during the warm events. The eastward movement of Walker 

circulation cell noticed in this study was also investigated by Wang (2001) where the author 
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associated its weakness and eastward movement to the peak phase of Atlantic zonal equatorial 

mode by considering the mean state of the Atlantic Walker circulation cell. The mean state of 

zonal divergent stream function in Fig. 6b and zonal divergent velocity potential in Fig. 7c 

correspond with each other. The positive values indicate a clockwise circulation and negative 

values indicate an anticlockwise circulation in Fig. 6b same as represented by Bayr et al. (2014). 

The clockwise circulation observed in the western Atlantic Ocean agrees with the presence of 

Walker circulation cell in Fig. 6a which illustrates the significant convection activities near 40oW 

region at lower levels at the 95% confidence level. The asymmetric circulation cell observed in 

Fig. 6b is due to inhomogeneous warming over the Atlantic Ocean, which causes more ascending 

where it is relatively warm (southwest) and more descending where it is relatively cool 

(southeast coast). This was supported by the results of the mean state of zonal divergent velocity 

potential (Fig. 6c) in which the positive values correspond to convergent inflow, hence upward 

vertical motion and negative values correspond to divergent outflow meaning the downward 

vertical motion over the region. It depicts the ascending limb in the south western sector of the 

Atlantic Ocean with the significant convection activities at around 40o-25oW and the significant 

descending limb along 0o-15oE at the 95% confidence level during the positive phase of SAOD. 

The divergence in the upper troposphere corresponds to convergence in the lower troposphere. 

This rising and sinking motion of air over the Atlantic Ocean along the different longitudes at the 

same time explain the presence of Walker circulation cell which are characterized by warm water 

in the southwest of the Atlantic Ocean (near the coast of Argentina-Uruguay-Brazil) and the 

equatorial cold tongue in the southeast coast of the Atlantic Ocean (coast of west Africa) is in an 

agreement with the study done by Wang (2005). 

 
 

To further illustrate how the Atlantic SSTs, Atlantic walker circulation index are associated 

with OND rainfall, we computed the composite of precipitation anomalies over Tanzania linked 

to these indices. Figure 7a clearly demonstrates that during the positive SST years (PC 1), the 

northeast, coastal region, southern part and some of the western part experiences anomalously 

high precipitation greater than 30 mm/month with much of the precipitation concentrated over 
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the eastern part. The results are closely related with Fig. 7e when the composite of precipitation 

anomalies was done during the positive phase of SAOD. This means that when the SWP of 

Atlantic Ocean is warm and the NEP is cold, the eastern part of the country received high 

amount of rainfall exceeding 40 mm/month. The opposite sign was seen during the negative 

phase of SAOD (Fig. 7f) and in Fig. 7b during the negative SST years. The results in Figs. 7c 

and 7d revealed the same scenario that was shown in Figs. 5e and 5f in which Walker circulation 

index and ATL3 index are strongly negatively correlated with OND rainfall. Figure 7c shows 

that most of the east coast and southern regions experience high precipitation greater than 35 

mm/month during the negative phase of Walker circulation index; this is because of the 

ascending limb over the SWP and descending limb of the Walker circulation cell over the NEP. 

 
 

4.3 Thermodynamic mechanisms 

The latent heat release in tropics which is associated with deep convection in the tropics takes 

into account the large ascending of moist air from the anomalous warm SST over the Atlantic 

Ocean. The changes in the tropical diabatic heating (Q) were investigated to confirm if the 

ascending moist air is accompanied by the release of latent heat. Figure 8a, b shows the 

composite of vertical cross-section anomaly of diabatic heating anomaly during MAM season. 

The result in Fig. 8a shows an increasing of anomalous heating with a significant updraft 

extending from low level to upper level around 50o W to 20o W and over the region bounded by 

30o E to 50o E during the positive SST years of PC 1. The anomalous heating (cooling) over the 

western (eastern) part of Atlantic Ocean supports the variations of the vertical motion observed 

in Fig. 6a. This heating structure also suggests an anomalous Walker circulation that is thermally 

direct with enhanced convection and the release of latent heat in the mid-level, providing a 

source of energy for rising motion in the western Atlantic Ocean. The heat released is advected 

by westerly winds aloft towards the study region, which enhance the warming over 30o E to 50o 

E in mid-level. The diabatic cooling observed over the western Indian Ocean during the MAM 

season (Fig. 8c) compared to that of OND season (Fig. 8d) shows that the Indian Ocean 
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influence on OND rainfall in Tanzania is stronger in OND than in MAM season. Figure 8c 

displays the spatial distribution of diabatic heating from 300 hPa to 600 hPa, where the latent 

heat released due to deep convection was statistically significant at the 99% confidence level. It 

shows anomalous strong positive (negative) and significant heating over the SWP and Tanzania 

(NEP and the Indian Ocean) during the MAM season. 

 
 

There is high correspondence between the 

result of the diabatic heating formula (Fig. 8c, d) used an indicator of Q and the one used by 

OLR (Fig. 8e, f). The match is encouraging and confirming the presence of more convective 

activity over the Atlantic (Indian) Ocean in MAM (OND) season. The OLR was used a proxy of 

deep convection. The negative (positive) anomaly patterns are indicative of enhanced 

(suppressed) convection in the western (eastern) tropical Atlantic Ocean in MAM, and resulting 

in ascending (descending) motion (Fig. 8e). The Indian Ocean shows much more influence to 

OND rainfall with a significant convection to the western Indian Ocean while the Atlantic Ocean 

is not significant during the OND season (Fig. 8f). 

5 CONCLUSIONS 

This study assesses the influence of the tropical Atlantic Ocean and its Walker circulation 

cell on OND rainfall variability over Tanzania using mainly SVD analysis to find out the 

relationship between Atlantic SSTs anomaly and the observed OND rainfall. The focus was also 

on the response of the Atlantic walker circulation cell to the Atlantic Ocean and how it is 

connected to OND rainfall over the study area. The zonal stream function was chosen in this case 

as it directly represents the equatorial zonal circulation and is also available  at all levels of the 

troposphere (Bayr et al., 2014). In addition to that, the zonal velocity potential was used to 

demonstrate the area of ascending and descending branch of the Walker circulation cell over the 

Atlantic Ocean from the lower level to upper level of the troposphere. Furthermore, the study 

used time lag/lead correlation, simple linear correlation and running correlation of 9 sliding 

windows to examine the influence of Atlantic SSTs anomaly and other related indices to OND 

rainfall based on the student t test method to draw a conclusion.  
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Time lag/lead correlation illustrates that Atlantic SSTs anomaly has a significant negative 

correlation of r=-0.4 at the 95% confidence level with OND rainfall over Tanzania during the 

MAM season. Based on this finding, an SVD analysis of MAM SST and OND rainfall anomalies 

was applied to detect the coupled variability. SVD1 and SVD2 contribute 95.3% of the 

covariability of OND rainfall over Tanzania and MAM Atlantic SSTs anomaly over the Atlantic 

Ocean. Both two SVDs show a dominant coupled mode with significant strong positive 

correlation (𝑟𝑟 ≅ 0.7) at the 99% confidence level indicating the existing close relationship 

between Atlantic SST and OND rainfall anomalies over Tanzania. The heterogeneous correlation 

show clearly how well OND rainfall anomalies over Tanzania are subject to MAM Atlantic 

Ocean SST anomalies with a correlation coefficient of r=0.68 at the 99% significance level, 

signifying that the sea surface temperature anomalies over the Atlantic Ocean during MAM 

season have a strong relationship with OND rainfall anomalies over Tanzania. SVD1 and SVD2 

both capture the main features of the SAOD and this was also captured by other previous studies 

(Nnamchi et al., 2011; Ogwang et al., 2016; Ogou et al., 2016). SAOD effectively reproduces 

almost similar time series with that of SVD1 in this study. SAOD explaining an important mode 

of coupled air-sea interaction in the SWP (warm SSTs) off the Argentina-Uruguay-Brazil and in 

the NEP on the Atlantic Nino sector (cool SSTs) has a significant direct connection to the inter 

annual rainfall variability of Tanzania at the 99% confidence level during the short rains season 

(i.e. OND season). This means that the warming of surface water in the SWP associated with 

cooling in the NEP provides a favourable condition for the occurrence of rainfall over Tanzania. 

This is supported by deep convective anomalies observed over the SWP and over Tanzania in 

mid-level due to strong positive diabatic heating over those regions and the negative heating over 

the NEP and over the Indian Ocean. This suggests that during the MAM SSTs season, the 

tropical Atlantic Ocean has more influence to OND rainfall over Tanzania than it does in MAM 

over Indian Ocean. Due to diabatic cooling normally observed over the Western Indian Ocean 

during MAM season, this shows that the Indian Ocean influence on OND rainfall in Tanzania is 

stronger in OND than in MAM season. Moreover, a more well-defined and strengthened Walker 
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circulation cell was observed over the Atlantic Ocean than the Indian Ocean during the MAM 

season plays a major role in in less contribution of SST in the Indian Ocean during MAM to the 

OND rainfalls over Tanzania since Walker circulation cell is vital in advecting moisture towards 

the region. 

 
 

Furthermore, the season with the strongest intensity significantly correlated to OND rainfall 

over Tanzania has been identified. It was identified that, Atlantic SSTs anomaly, SAODI, TSA, 

and ATL3 correlate significantly with OND rainfall at the 95% confidence level. This 

highlighted that, MAM Atlantic Ocean SSTs can be well used to predict the rainfall variability of 

Tanzania during the short rains season. Additionally, the study concluded that Nino 3.4 lag OND 

rainfall by 2 months (i.e. DJF) to have a strong (positive) and significant correlation and DMI 

has a strong (positive) and significant correlation when they occur in the same season (i.e. zero 

lag correlation) at the 99% confidence level. Moreover, the study revealed that Atlantic Nino 

(ATL3) is connected to an ENSO event (Nino 3.4) but independently from the influence of IOD 

due to the weak and insignificant correlation at all confidence levels (90, 95, and 99%). 

Likewise, Nino 3.4 and DMI both have weak and almost zero correlation (for example, r=0.02 

for DMI), with the Atlantic Walker circulation meaning that the zonal equatorial circulation over 

the Atlantic Ocean is not triggered by IOD and ENSO event, but it is due to local ocean-

atmosphere interaction occurring over the Atlantic Ocean such as Atlantic Nino which may 

strengthen or weaken the Walker circulation cell and help the circulation to move eastward. 

A direct relationship of the Atlantic walker circulation cell to Tanzania as a source of rainfall 

during the short rains season was significantly observed at the 95% confidence level. The study 

indicates the presence of the zonal equatorial circulation, which is characterized by the clockwise 

direction over the Atlantic Ocean with the ascending limb in the SWP and descending limb in the 

NEP. The positive phase of SAOD is linked to convergence over the SWP and strong upward 

motion over the study region during the warm events of SST years from the Atlantic Ocean. This 

heating structure observed over the SWP and NEP suggests that an anomalous Walker 
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circulation that is thermally direct with enhanced convection, and the release of latent heat in the 

mid-level provides a source of energy for rising motion in the western Atlantic Ocean. The heat 

released is advected by westerly winds towards the study region, which enhance the warming 

over 30o E to 50o E in the mid-level. Evidently, this shows how well the Atlantic walker 

circulation cell responds to SSTs anomaly over the Atlantic Ocean. Moist air over the Atlantic 

Ocean is advected to the region through the eastward movement of the Walker circulation cell 

when the Atlantic Nino is at its peak. Upward motion observed over the study region enhances 

the moisture, thereby leading to enhanced rainfall over Tanzania. The study recommends 

monitoring of sea surface temperature over the Atlantic Ocean and its Walker circulation cell 

will be of great importance in the seasonal weather forecasting of OND rainfall over Tanzania 

which will enrich better utilization of water for farming and hydropower activities over the 

region. 
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Table 2: Correlation analysis of OND rainfall over Tanzania to TSA, TNA, SAODI, Walker 

circulation index and ATL3. Correlations are tested based on the student t test. 

 
 

 OND Rainfall DMI Nino 3.4 

SAODI 0.5a 0.45b 0.6a 

TSA -0.4b -0.33b -0.45a 

TNA -0.38b 0.1 -0.36b 

ATL3 -0.4b 0.2 0.4b 

Walker circulation index -0.3b 0.02 0.24 

OND Rainfall 1 0.65a 0.57a 

a99% confidence level; b95% confidence level; bolded values for not significant correlation. 
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Table 1: Statistics of squared covariance fraction (SCF) of SVD analysis for MAM Atlantic 

Ocean SST and OND rainfall anomalies over Tanzania from 1981 to 2010. Correlation values (r) 

are significant at the 99% confidence level based on the t test. 

 
 

Mode SCF (%) r Rain variance (%) SST variance (%) 

SVD1 90.2 0.69 72.0 25.7 

SVD2 5.1 0.70 7.5 13.1 
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