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This study presents the relationship between Tanzania short rain variability and the sea surface temperature (SST) over the Southern Oceans from 1950 to 2017. It is found that the warm SST anomalies to the east of Australia (EA-SST) and the southern Atlantic Ocean (SA-SST) are significantly negatively correlated with the OND rainfall throughout Tanzania, signifying that the warmer (cooler) than normal EA-SST and SA-SST tend to cause a suppressed (enhanced) OND rainfall in Tanzania. Further investigation indicates that the above-normal SA-SST anomalies are linked to the changes of Walker-type circulation over the Atlantic Ocean, with the low-level (upper-level) divergence (convergence) occurring over the study region, which suppresses the in-situ convection and hence decreases the rainfall over Tanzania. The above-normal SA-SST anomalies are associated with the upper-level wave patterns propagating from the southern Atlantic Ocean, resulting in the formation of cyclonic anomalies over the target region. The upper-level cyclonic anomalies formed favor the subsidence of airflows over Tanzania and hence reduce rainfall. The local moisture and dynamical conditions also support the atmospheric circulations observed, whereby warm EA-SST and SA-SST anomalies are associated with the westerly moisture flux over the Indian Ocean moving away from Tanzania and the descending motion over Tanzania. Hence, close monitoring of SST anomalies over these regions might be useful in updating OND rainfall seasonal forecasts in Tanzania.
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INTRODUCTION
Extreme climate events like floods and droughts are regular over East Africa, including Tanzania, leading to great socio-economic impacts (Anande and Luhunga, 2019; Kimambo et al., 2019; Chang’a et al., 2020a; Mzava et al., 2020). Understanding the physical processes that cause such events can minimize the impacts. Also, understanding the temporal and spatial variations of rainfall over Tanzania and their relationship with physical factors are crucial in water resource planning, land use planning, agriculture, and irrigation. The seasonal movement of the Intertropical Convergence Zone (ITCZ) mainly influences the rainfall patterns over the East African region, leading to two rainy seasons during the October-December (OND) and the March-May (MAM) in the northern coastal and northeastern parts of Tanzania and a single rainy season starting from November to April in the central and southern areas of Tanzania. In the East African region, MAM rainfall is locally known as ‘long rain’ while OND rainfall is named as ‘short rain’ based on their contributions to the annual rainfall amount over the region, whereby MAM rainfall contributes more rainfall than OND rainfall. Recent studies have reported frequent floods in Tanzania during the OND rainfall season (Mbigi and Xiao, 2021b), while the MAM rainfall season reported experiencing a decadal decrease in the late 1990s (Makula and Zhou, 2021).
Tanzanian OND rainfall exhibits large interannual variations compared to MAM rainfall (Black et al., 2003). The potential roles of sea surface temperature (SST) over the tropical Indian Ocean, tropical Pacific Ocean and tropical Atlantic Ocean on the variability of OND rainfall over the study region have been explored in detail from past studies (e.g., Nicholson, 2015, 2017; Wenhaji Ndomeni et al., 2018). It is documented that OND rainfall over the target region is linked to the Indian Ocean Dipole (IOD), El Niño–Southern Oscillation (ENSO), Walker circulations over the Indian Ocean and Atlantic Oceans (Limbu and Guirong, 2019, 2020; Kavishe and Limbu, 2020; Ame et al., 2021; Mbigi and Xiao, 2021a, 2021b). Some previous studies investigated the physical mechanisms of individual effects of ENSO and IOD (e.g., Clark et al., 2003; Saji and Yamagata, 2003; Behera et al., 2005; Black, 2005; Bahaga et al., 2019; Chang’a et al., 2020b; Lüdecke et al., 2021), while others investigated the combined effects of ENSO and IOD on Tanzanian rainfall during OND season (e.g., Mbigi and Xiao, 2021b). Clark et al. (2003) found that ENSO is one of the forcing mechanisms of rainfall variability over some areas of the East African region. Besides, Black (2005) found that the relation between the OND rainfall over the East African region and ENSO reveals a dynamic connection between the IOD and ENSO. However, it was re-revealed that the pure ENSO influence is weaker in parts of East Africa (Saji and Yamagata, 2003; Bahaga et al., 2019). In contrast, some studies found that the IOD impact is more prominent over OND rainfall in Tanzania than ENSO (Behera et al., 2005; Lüdecke et al., 2021). In addition, it was reported that the 2019 extreme OND rainfall over East Africa was linked to the positive phase of the IOD, while that of 1997 was connected to the combined effects of positive IOD and El Niño (Chang’a et al., 2020). Ame et al. (2021) found that the combined effects of ENSO and IOD significantly impact the seasonal evolution of Tanzanian OND rainfall. Generally, El Nino (La Nina) events are linked to an increased (reduced) OND rainfall in Tanzania, and positive (negative) IOD events are connected to above (below) normal OND rainfall over the region (Nicholson, 2015, 2017; Wenhaji Ndomeni et al., 2018). Apart from ENSO and IOD events which link to the precipitation over the region, it was also reported that a change in the direction of the descending and ascending branches of the Walker circulation is related to rainfall variability over Tanzania, which occurs in linkage to tropical SST and convection anomalies (Limbu and Guirong, 2019, 2020).
In addition, a recent study by Mbigi and Xiao (2021a) reported the factors associated with the interannual and interdecadal variability of short rains in Tanzania, whereby at an interannual time scale, Tanzanian’s short rain variability is linked to IOD and ENSO, which are connected to changes in the atmospheric circulations over the western Indian Ocean. On the other hand, at the decadal time scale, it was reported that Tanzania’s short rain variability is related to the SST over the tropical central Indian Ocean and the Atlantic Ocean. Moreover, a study by Kebacho (2021b) examined how the interaction between the tropical eastern Pacific and Atlantic Oceans impacts extreme weather events over Tanzania, whereby a proposed Trans-Atlantic-Pacific Ocean Dipole index (TAPODI) was reported to significantly correlate with the short rains over Tanzania. The positive (negative) phase of the TAPODI is associated with the enhanced (suppressed) rainfall over Tanzania by affecting the low level and upper-level atmospheric circulations that modulate moisture supply over the target region.
Generally, from the literature, the influence of tropical equatorial SST over the Indian Ocean, Pacific Ocean, and the Atlantic Ocean on the OND rainfall variability in Tanzania has been discussed; however, the possible impact of SST over the Southern Oceans on the variability of OND rainfall in Tanzania has not been examined or explored in detail. Also, continuous studies are highly prioritized due to continuous and varying impacts resulting from climate change and the need to improve the forecasting accuracy of rainfall over the target region. Therefore, the present study investigates the Tanzania short rain variability and its relations to SST over the Southern Oceans. The finding of this paper is crucial to climate forecasters in understanding and predicting extreme events for decision-making while planning about adaptation and mitigation measures to cope with climate change and reduce socio-economic losses associated with extreme events in the region.
The remainder of this study is as follows. Section 2 describes the study area, data and methods. The distribution of the short rains in Tanzania is presented in Section 3, in which the associated atmospheric circulations are analyzed. The relationship between the SST over the Southern Oceans and Tanzania’s short rains, including the candidate physical mechanisms, are examined in Section 4. Finally, the conclusion is summarised in Section 5.
STUDY AREA, DATA, AND METHODS
Study Area
Tanzania is an equatorial tropical country located over eastern Africa within longitude 28°–42°E and latitude 12°–0°S (Figure 1). The region has complex topography ranging from low-lying areas to highlands. The topographical features range from the coastal plains to southern and northeastern highlands. The northeastern highlands region is where Mount Kilimanjaro is located, Africa’s highest point standing out at the altitude of 5895 m. Lakes surrounding Tanzania are Victoria, Tanganyika, and Nyasa. The Indian Ocean borders the eastern coast of Tanzania, as can be seen in Figure 1. These water bodies play an important role in supplying moisture over the target region.
[image: Figure 1]FIGURE 1 | Topographical map of Tanzania showing elevation distribution over the country.
The climatological distribution of OND rainfall in Tanzania (Figure 2) shows that there are more rains (more than 75 mm) in the western parts of the country, the Lake Victoria basin, followed by southern and eastern Tanzania. The central areas (semi-arid regions), southwestern highlands and the northeastern highlands of Tanzania record less amount of rainfall (less than 75 m). The presence of Lake Victoria and Lake Tanganyika aids in supplying moisture over northern and western Tanzania for rainfall formation. In addition, the western and Lake Victoria basin benefit from moisture supply from the Congo basin, attributed by the ITCZ’s movement, which favors the early onset of rainfall over these regions.
[image: Figure 2]FIGURE 2 | Map of the seasonal climatological (OND) distribution of precipitation (mm month−1) in Tanzania during 1950–2017.
Data and Methods
The present study covers a period from 1950 to 2017. The gridded monthly precipitation data with the horizontal resolution of 0.5° × 0.5° obtained from the Climatic Research Unit (CRU) at the University of East Anglia is utilized to analyze OND rainfall variability over Tanzania. The CRU precipitation dataset is version 4.04 (Harris et al., 2020). The sea surface temperature (SST) data with the resolution of 2° × 2° used is the monthly Extended Reconstructed SST version 5 (ERSSTv5) (Huang et al., 2017). Other datasets used in the present study include the monthly horizontal winds, specific humidity, surface pressure, geopotential height, velocity potential, and vertical velocity (Omega) at 2.5° × 2.5° provided by the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) (Kalnay et al., 1996; Kistler et al., 2001).
This study employed the empirical orthogonal function (EOF) (Lorenz, 1956; Hannachi et al., 2007; Yosef et al., 2017; Chidean et al., 2020) to examine spatial modes (i.e., patterns) of OND rainfall variability at a spatial resolution of 0.5° × 0.5° and how they change with time during 1950–2017. The EOF is analyzed by calculating the eigenvalues and eigenvectors of a field’s spatially weighted anomaly covariance matrix. Some past studies have used this technique to investigate how precipitation varies over East Africa, including Tanzania (e.g., Smith and Semazzi, 2014; Limbu and Guirong, 2020). Moreover, correlation and regression analyses were also employed in the present study, and the Student’s t-test (Goulden, 1956) was used to assess the statistical significance at both 95 and 99% confidence levels.
This study focuses on the SST anomalies in the Southern Oceans. The SST anomalies averaged to the east of Australia (EA-SST, 16°–30°S, 165E°–155°W) and the southern Atlantic Ocean (SA-SST, 37°–54°S, 20°–49°W) are defined as the EA-SST index and SA-SST index, respectively. After analyzing the relationship between OND rainfall over Tanzania and SST anomalies to the east of Australia and the southern Atlantic Ocean, we examined the possible physical mechanisms linked to these relationships. The combined effect of SST anomalies in these two regions on Tanzania short rain was further analyzed using the synergic index, constructed by adding the normalized EA-SST and SA-SST indices. The present study also utilized the Niño3.4 index (ENSO) and IOD index to examine their relationships to OND rainfall in Tanzania. The Niño3.4 index is calculated as an area-averaging of SST over the tropical eastern Pacific Ocean (5[image: image]S—5[image: image] N, 170[image: image]–120[image: image]W). The IOD index, as defined by Saji et al. (1999), is considered as the difference between the SST over the western (50[image: image]E—70[image: image]E, 10[image: image]S—10[image: image]N) and southeastern (90[image: image]E—110[image: image]E,—10[image: image]S—0[image: image]) of the tropical Indian Ocean.
EOF OF OND RAINFALL IN TANZANIA
Figure 3 depicts the spatial distribution of short rains anomalies in Tanzania and their corresponding principal components for the first three modes of EOF. The first three modes of short rains in Tanzania explain 72.0, 8.1, and 4.7%, respectively, making 84.8% of the total variance. The first EOF mode (EOF1) features a homogeneous rainfall pattern throughout the country, with the maximum positive loading over northeastern and eastern Tanzania. The second EOF mode (EOF2) displays a dipole pattern with the positive loading over northern Tanzania and the negative loading over the southern part of Tanzania. Likewise, the third EOF mode (EOF3) shows a dipole pattern with the negative loading over eastern Tanzania and the positive loading over the rest parts of Tanzania. The EOF1 is statistically significant and independent from the other modes regarding the North’s criteria (North et al., 1982). Thus, the present study focused on the EOF1 mode of MAM rainfall in Tanzania. Its corresponding principal component (PC1) exhibits both interannual and interdecadal variability.
[image: Figure 3]FIGURE 3 | (A) Spatial pattern (mm month−1) and (B) Principal components (PCs) of the first three EOF modes of OND rainfall in Tanzania during 1950–2017.
To reveal the atmospheric circulations associated with the variability of short rains in Tanzania, we analyzed the regression of horizontal winds against the PC1. As shown in Figure 4A, an enhancement of OND rainfall in Tanzania is associated with a convergence of westerlies and enhanced easterlies over the western Indian Ocean (eastern Tanzania) in the lower troposphere. Accordingly, anomalous low-level easterlies transport water vapor from the Indian Ocean to the study domain, which is conducive to the increase of rainfall in situ. In the upper troposphere (Figure 4B), a divergence is observed over the central Indian Ocean, with prevalent easterly anomalies over Tanzania and the western Indian Ocean, concurrent with the westerly anomalies over the eastern Indian Ocean favoring the uplift over the study domain and thus enhancing rainfall. The anomalous pattern in the upper level indicates the rising limb of the Walker-type circulation over East Africa and the western Indian Ocean.
[image: Figure 4]FIGURE 4 | Regressions of (A) 850 hPa horizontal winds (vectors; m s−1) and geopotential height (shading; m), (B) 200 hPa horizontal winds (vectors; m s−1), and geopotential height (shading; m) against the PC1 during OND season for 1950–2017.
RELATIONSHIP BETWEEN SST OVER THE SOUTHERN OCEANS AND TANZANIA RAINFALL
The correlation between the OND SST anomalies and PC1 during 1950–2017 (Figure 5A) was analyzed to determine the key regions in the Southern Oceans where the SST variability is connected to short rains in Tanzania. The result shows that the PC1 is positively and significantly correlated with the SST anomalies to the western Indian Ocean and negatively correlated with the southeastern Indian Ocean, exhibiting a dipole pattern referred to as the IOD, as documented by Saji et al. (1999). Furthermore, the PC1 is also positively and significantly correlated with the SST anomalies over the tropical central-eastern Pacific Ocean, implying that the rainfall over the region is also influenced by the ENSO. In addition, the PC1 is negatively and significantly correlated with the SST anomalies to the east of Australia and the southern Atlantic Ocean. We further analyzed the correlation coefficients between the PC1 and the SST indices over the above regions. It is found that the IOD (Nino3.4) index correlation coefficient with the PC1 is 0.73 (0.43), statistically significant at a 99% confidence level. These findings are similar to previous studies carried out over the region, showing that short rain variability in Tanzania is linked to IOD events and ENSO events, whereby positive (negative) IOD events are associated with above (below) normal rainfall (Limbu and Guirong, 2019; Kavishe and Limbu, 2020; Ame et al., 2021; Mbigi and Xiao, 2021a, 2021b) and El Nino (La Nina) events are connected to enhanced (suppressed) rainfall over the target region (Mbigi and Xiao, 2021b). The correlation coefficient between the PC1 and the EA-SST (SA-SST) index (Figure 5B) is −0.52 (−0.34), also statistically significant at a 99% confidence level. It is known that the ENSO signal can influence the Southern Ocean SST (e.g., Li, 2000; Ciasto and England, 2011; Yeo and Kim, 2015); due to this, the partial correlations between the PC1 and the EA-SST/SA-SST index while controlling for the effect of ENSO signal were performed to determine whether the correlations of the PC1 with the two regional SSTs are dependent on the ENSO signal. The result shows that the EA-SST (SA-SST) index partial correlation coefficient with the PC1 is −0.34 (−0.29), significant at a 99% (95%) confidence level. This finding implies that there is a substantial relationship between EA-SST/SA-SST anomalies with the Tanzania short rain in the absence of the ENSO signal.
[image: Figure 5]FIGURE 5 | (A) Spatial distribution of correlations between PC1 and Southern Ocean Sea Surface Temperature for OND season during 1950–2017. Regions above the 95% Confidence level are dotted. (B) Normalized time series of the PC1 of OND rainfall over Tanzania (PC1) and SST anomalies indices averaged over EA-SST (16°–30°S, 165E°–155°W) and SA-SST (37°–54°S, 20°–49°W) during 1950–2017.
The physical mechanisms linked to the influence of IOD/ENSO on the variability of short rain in Tanzania have been examined in detail by previous studies (Limbu and Guirong, 2019; Kavishe and Limbu, 2020; Ame et al., 2021; Mbigi and Xiao, 2021a, 2021b). However, the physical mechanisms related to the influence of SST anomalies in the Southern Oceans on the variability of short rain in Tanzania have not been analyzed. Therefore, in the following, we focus on the possible physical mechanisms underlying the relationship between OND rainfall over Tanzania and SST anomalies to the east of Australia and the southern Atlantic Ocean.
Influence of SST Anomalies to East of Australia
The relationship between the EA-SST index and OND rainfall was analyzed to highlight the linkage of SST anomalies to the east of Australia and OND rainfall variability in Tanzania. As seen in Figure 6, the EA-SST index is significantly negatively correlated with OND precipitation throughout Tanzania at a 99% confidence level. The bimodal regions (i.e., northeastern and eastern Tanzania) display the highest correlations ranging from -0.45 to -0.55, while the rest parts of the country (unimodal areas) exhibit correlations ranging from −0.35 to −0.45, signifying that the EA-SST has more influences on rainfall over the northeastern and eastern regions of Tanzania compared to other parts of the country. Generally, the negative SST anomalies to the east of Australia are related to a substantial increase in OND precipitation over Tanzania. In contrast, positive SST anomalies to the east of Australia are connected to a considerable decrease in OND rainfall over Tanzania.
[image: Figure 6]FIGURE 6 | Correlation map of OND rainfall in Tanzania with OND EA-SST index during 1950–2017. Regions above the 99% confidence level are dotted.
Figure 7 shows the 850-hPa, and 200-hPa horizontal winds regressed onto the EA-SST index. It can be seen in Figure 7A that the positive SST anomalies to east of Australia are associated with easterly anomalies over the western Indian Ocean and Tanzania and westerly anomalies over the eastern Indian Ocean, favoring low-level divergence over the study region and the Indian Ocean. According to Figure 4A, such a circulation anomaly corresponds to the unfavorable atmospheric situation for precipitation in Tanzania by transporting moisture away from the study area. Furthermore, as shown in Figure 7B, positive SST anomalies to east of Australia are associated with convergence in the upper troposphere over the western Indian Ocean. The upper-level convergence observed is beneficial for the subsidence of airflows over Tanzania, contributing to suppressed OND precipitation in the target region. The low-level equatorial westerlies over the central and eastern Indian Ocean are connected to droughts over the study domain, as also documented by Nicholson (2016), Hastenrath et al. (2010), and Kebacho (2021a) in past studies.
[image: Figure 7]FIGURE 7 | Regressions of (A) 850 hPa horizontal winds (vectors; m s−1) and geopotential height (shading; m), (B) 200 hPa horizontal winds (vectors; m s−1), and geopotential height (shading; m) against the EA-SST during OND season for 1950–2017.
The atmospheric circulations in Figure 7 imply the changes in Walker-type circulation over the Indian Ocean; therefore, in Figure 8, we regressed velocity potential and divergent wind anomalies against the EA-SST index to reveal Walker circulation changes. Negative velocity potential anomalies and wind divergence are observed in the lower troposphere throughout the region centred at 40°E and 5°S (Figure 8A). Correspondingly, positive velocity potential and wind convergence in the upper troposphere are observed (Figure 8B). The observed positive velocity potential and wind convergence in the upper levels enhance the descending limb of Walker circulation over the western Indian Ocean. The sinking branch of the Walker circulation over the study area and the western Indian Ocean suppresses convection, hence the decreased rainfall over the target region. In opposite, the negative SST anomalies to the east of Australia are linked to the ascending limb of the Walker circulation over the western Indian Ocean and Tanzania, which favors enhanced precipitation. The results agree with previous studies, which reported that a change in the direction of the descending and ascending branch of the Walker circulation is associated with rainfall variability over Tanzania, which occurs in linkage to tropical SST and convection anomalies (Limbu and Guirong, 2019, 2020). But also, the negative SST anomalies to the east of Australia are linked to the low-level equatorial easterlies over the central Indian Ocean connected to above normal rainfall over the study domain, as also reported by Nicholson (2016), Hastenrath et al. (2010), and Kebacho (2021a) in past studies.
[image: Figure 8]FIGURE 8 | Regressions of (A) 850 hPa velocity potential (shading; 106 m2 s−1) and divergent winds (vectors; m s−1), (B) 200 hPa velocity potential (shading; 106 m2 s−1) and divergent winds (vectors; m s−1), against the EA-SST index during OND season for 1950–2017.
The unfavorable atmospheric situation for precipitation in Tanzania by transporting moisture away from the study area, as seen in Figure 7, can be further demonstrated by Figure 9A, which displays the anomalies of vertically integrated water vapor transport flux regressed onto the EA-SST index. This figure exhibits anomalous westerly moisture fluxes propagating away from Tanzania, thereby resulting in less water vapor over the region and, hence, decreasing OND rainfall over Tanzania. Moreover, the water vapor flux divergence is also observed over Tanzania to support the decrease of OND rainfall in Tanzania associated with the EA-SST. As observed from the regression result of Omega against the EA-SST index (Figure 9B), descending motion is predominant throughout Tanzania, with the significantly suppressed convection (descending motion) over eastern Tanzania and the Indian Ocean, which provides unfavorable dynamics for the occurrence of local precipitation. The suppressed convection over Tanzania and the Indian Ocean also confirms the substantial correlation between SST anomalies to the east of Australia and OND rainfall in Tanzania.
[image: Figure 9]FIGURE 9 | Regressions of (A) divergence (10−5 kg s−1 m−2) of water vapor transport flux integrated from surface to 300 hPa (B) 500 hPa Omega (10−3 pa s−1) against the EA-SST index during OND season for 1950–2017. Regions above the 95% confidence level are dotted.
Based on the above findings, it can be concluded that the SST anomalies to the east of Australia play an important role in influencing the variability of OND rainfall in Tanzania through modulating the moisture (Figure 9A) and dynamic conditions (Figure 9B) over the target region. Thus, the positive SST anomalies to the east of Australia are associated with unfavorable conditions for the formation of precipitation and thus decrease the precipitation in Tanzania, whereby the situation is reversed for the negative SST anomalies to the east of Australia, which provides conducive conditions for the increase of rainfall over Tanzania.
Influence of SST Anomalies Over the Southern Atlantic Ocean
The relationship between the SA-SST index and short rains over Tanzania was also analyzed to highlight the association between SST anomalies over the southern Atlantic Ocean and OND rainfall in Tanzania. Figure 10 shows that the SA-SST index significantly negatively correlates with OND rainfall over almost the target region. The considerable correlations over Tanzania imply that the OND precipitation over the stated region tends to decrease if the SST is above the normal over the southern Atlantic Ocean and vice versa.
[image: Figure 10]FIGURE 10 | Correlation map of OND rainfall in Tanzania with OND SA-SST index during 1950–2017. Regions above the 95% confidence level are dotted.
Having observed how the SA-SST index spatially correlates with rainfall over Tanzania, then we analyzed the atmospheric circulations connected to the SA-SST index. Figure 11 shows the 850-hPa, and 200-hPa horizontal winds regressed onto the SA-SST index. Associated with the warm SST over the southern Atlantic Ocean, divergence appears in the lower troposphere of Tanzania and the Indian Ocean (Figure 11A), and convergence prevails in the upper troposphere of Tanzania and the western Indian Ocean (Figure 11B), corresponding to the atmospheric situation unfavorable for the occurrence of precipitation over Tanzania (Figure 4). Moreover, the atmospheric teleconnection process accomplished the influence of SA-SST anomalies over the southern Atlantic Ocean on the atmospheric circulations over the region, as can be seen in Figure 11B, whereby wave trains patterns, with the anticyclonic-cyclonic-anticyclonic anomalies, propagate from the south Atlantic Ocean to the target region. Therefore, the SA-SST anomalies over the Southern Ocean can bring about variation in atmospheric circulations over Tanzania and the western Indian Ocean through this teleconnection. The observed low-level equatorial westerlies over the central Indian Ocean are linked to droughts over the study region, as previously also reported by Nicholson (2016), Hastenrath et al. (2010), and Kebacho (2021a).
[image: Figure 11]FIGURE 11 | Regressions of (A) 850 hPa horizontal winds (vectors; m s−1) and geopotential height (shading; m), (B) 200 hPa horizontal winds (vectors; m s−1) and geopotential height (shading; m) against the SA-index during OND season for 1950–2017.
The circulation anomalies observed in Figure 11 indicate that the positive SST anomalies over the southern Atlantic Ocean are associated with the changes in Walker-type circulations over the Atlantic Ocean and the Indian Ocean, in which low-level convergence (divergence) and upper-level divergence (convergence) over the tropical Atlantic Ocean (Indian Ocean) are observed. To further reveal the connection between SA-SST anomalies and the change in Walker-type circulation, we regressed the velocity potential and divergent wind anomalies against the SA-SST index. It is observed that warm SA-SST anomalies are associated with the negative velocity potential anomalies and wind divergence in the lower troposphere throughout the study region centred at the eastern coast of Somalia (Figure 12A). Correspondingly, positive velocity potential and wind convergence in the upper troposphere are observed (Figure 12B). The observed positive velocity potential and wind convergence in the upper levels enhance the descending limb of both Atlantic Walker circulation and Indian Walker circulation over the western Indian Ocean and Tanzania. The sinking branch of the Walker circulations over the study area and the western Indian Ocean suppresses convection, hence the decreased rainfall over the target region. On the contrary, the negative SST anomalies over the southern Atlantic Ocean are related to the ascending limbs of the Atlantic Ocean Walker circulation and Indian Ocean Walker circulation over the western Indian Ocean and Tanzania, which favor enhanced precipitation. The Walker circulation over the Atlantic ocean and the Walker circulation over the Indian Ocean, linked to tropical SST and convection anomalies, have potential impacts on rainfall variability over Tanzania (Limbu and Guirong, 2019, 2020).
[image: Figure 12]FIGURE 12 | Regressions of (A) 850 hPa velocity potential (shading; 106 m2 s−1) and divergent winds (vectors; m s−1), (B) 200 hPa velocity potential (shading; 106 m2 s−1) and divergent winds (vectors; m s−1), against the SA index during OND season for 1950–2017.
The atmospheric circulation anomalies in the lower and upper troposphere observed in Figures 11,12 impact the OND rainfall by influencing Tanzania’s moisture and dynamic conditions. Similarly, associated with the warm SA-SST anomalies are the moisture flux outflow over Tanzania with enhanced westerly moisture fluxes over the Indian Ocean (Figure 13A). This anomalous pattern signifies the weakening of the easterly moisture flux from the Indian Ocean, which is important for wet conditions over Tanzania. Hence, the water vapor supply to Tanzania is suppressed. Besides, as shown in Figure 13B, the descending motion is observed over Tanzania and the Indian Ocean, which provides unfavorable dynamic conditions for precipitation formation. As a result, the OND rainfall decreases in Tanzania.
[image: Figure 13]FIGURE 13 | Regressions of (A) divergence (10−5 kg s−1 m−2) of water vapor transport flux integrated from surface to 300 hPa (B) 500 hPa Omega (10−3 pa s−1) against the SA-SST index during OND season for 1950–2017. Regions above the 95% confidence level are dotted.
In summary, the warm SST anomalies over the southern Atlantic Ocean play an important role in impacting the OND rainfall over Tanzania through a teleconnection process by modulating the upper-level wave trains over the southern Atlantic Ocean, characterized by anticyclonic-cyclonic-anticyclonic-cyclonic anomalies propagating to the target region. Consequently, the upper-level cyclic anomalies formed over the study area modulate the moisture (Figure 13A) and dynamic conditions (Figure 13B) over the target region. Thus, the positive SST anomalies over the southern Atlantic Ocean are associated with unfavorable conditions for precipitation formation and thus decrease the precipitation in Tanzania, whereby the situation is reversed for the negative SST anomalies over the southern Atlantic Ocean, which provides conducive conditions for the increase of rainfall over Tanzania.
SUMMARY AND CONCLUSION
This study presents the Tanzania short rain variability and its relations to the SST over the Southern Oceans. It is found that the warm SST anomalies to the east of Australia are significantly negatively correlated with the short rains throughout Tanzania. When the SST anomalies to the east of Australia are warmer (cooler) than normal, the short rains tend to decrease (increase) over Tanzania. The warmer EA-SST anomalies impact Tanzania’s rainfall by modulating moisture and dynamic conditions. The positive EA-SST anomalies are linked to the enhanced divergence in the lower troposphere and the enhanced convergence in the upper troposphere over Tanzania and the western Indian Ocean, which signifies the sinking of the Walker-type circulations over the Indian Ocean. These circulations anomalies are unfavorable for the occurrence of rainfall over the region. In addition, atmospheric circulations related to the positive EA-SST anomalies, associated with reduced precipitation over Tanzania, are supported by the westerly moisture flux over the Indian Ocean moving away from Tanzania (i.e., moisture divergence) and the descending motion over the target region.
Likewise, the above-normal SST anomalies over the southern Atlantic Ocean are also related to decreased OND rainfall over Tanzania. The above-normal SA-SST anomalies are linked to the changes of Walker-type circulation over the Atlantic Ocean, with the low-level (upper-level) divergence (convergence) occurring over the study domain. This indicates the sinking limb of the Atlantic Ocean Walker circulation over the study domain and the western Indian Ocean, which suppresses the in-situ convection and hence decreases the rainfall over Tanzania. Moreover, the above-normal SST anomalies over the southern Atlantic Ocean are associated with the upper-level wave patterns featured by alternative anticyclonic and cyclonic anomalies propagating from the southern Atlantic toward the target region and the western Indian Ocean. The upper-level cyclonic anomalies formed favor the subsidence of airflows over Tanzania and hence reduced rainfall. The local moisture and dynamical conditions also support the atmospheric circulations observed, whereby warm SA-SST anomalies are associated with the westerly moisture flux over the Indian Ocean moving away from Tanzania (moisture divergence) and the descending motion over Tanzania. On the contrary, the negative SST anomalies over the southern Atlantic Ocean are related to the ascending limbs of the Atlantic Ocean Walker circulation and Indian Ocean Walker circulation over the western Indian Ocean and Tanzania, enhanced ascending motions, easterly moisture flux from the Indian Ocean and moisture convergence over Tanzania which favor enhanced precipitation.
The schematic of the processes that potentially explain the influence of the SST anomalies over the Southern Oceans in warmer and cooler phases is summarized in Figure 14. Interestingly, if we construct a synergic index by adding the normalized EA-SST and SA-SST to reflect the combined effect of SST anomalies to the east of Australia and the southern Atlantic Ocean; it is found that this index is also significantly correlated to the PC1 with a correlation coefficient of −0.55 (above the 99% confidence level). Spatially, the regions with the largest correlations are located in the north and eastern Tanzania (Figure 15), which is similar to the EOF1 pattern and indicates that the combined effect of SST anomalies in these two regions may intensify the impact on precipitation in Tanzania.
[image: Figure 14]FIGURE 14 | Schematic summary of the process for the impact of warm EA-SST and SA-SST on OND precipitation in Tanzania.
[image: Figure 15]FIGURE 15 | Correlation map of OND rainfall in Tanzania with the synergic index constructed by adding the normalized EA-SST and SA-SST during 1950–2017. Regions above the 99% confidence level are dotted.
In general, based on the statistical analysis, our study highlights that the above-normal (below-normal) SST anomalies to the east of Australia and the southern Atlantic Ocean are related to the suppressed (enhanced) rainfall over Tanzania during the short rain season. Hence, close monitoring of SST anomalies over these regions might be useful in updating OND rainfall seasonal forecast in Tanzania, which helps to reduce socio-economic impacts. However, numerical simulation experiments are needed to confirm the proposed physical mechanisms for future study since the proposed physical mechanisms are based only on statistical analyses (observational diagnoses). Not only that, but also to determine the individual contributions of SST anomalies over different key regions in the Southern Oceans, the tropical Indian Ocean, the tropical Atlantic Ocean, and the tropical Pacific Ocean in influencing the variability of short rains in Tanzania.
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