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Spatial Patterns of Sea Surface Temperature Influences on East African Precipitation as Revealed by Empirical Orthogonal Teleconnections
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East Africa is characterized by a rather dry annual precipitation climatology with two distinct rainy seasons. In order to investigate sea surface temperature driven precipitation anomalies for the region we use the algorithm of empirical orthogonal teleconnection analysis as a data mining tool. We investigate the entire East African domain as well as 5 smaller sub-regions mainly located in areas of mountainous terrain. In searching for influential sea surface temperature patterns we do not focus any particular season or oceanic region. Furthermore, we investigate different time lags from 0 to 12 months. The strongest influence is identified for the immediate (i.e., non-lagged) influences of the Indian Ocean in close vicinity to the East African coast. None of the most important modes are located in the tropical Pacific Ocean, though the region is sometimes coupled with the Indian Ocean basin. Furthermore, we identify a region in the southern Indian Ocean around the Kerguelen Plateau which has not yet been reported in the literature with regard to precipitation modulation in East Africa. Finally, it is observed that not all regions in East Africa are equally influenced by the identified patterns.
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1. INTRODUCTION

In contrast to other tropical areas, East Africa is characterized by a rather dry annual precipitation climatology. Rainfall exhibits a strong seasonal signal with two distinct rainy seasons throughout the year (Yang et al., 2014). The major rainy season, the so-called “long rains” is from March until May (MAM), while the second rainy season from October to December (OND), the “short rains” is more variable but usually centered around November. The modulation of these rainy seasons by regional to global sea surface temperature (SST) anomalies has been the focus of numerous studies in the past (e.g., Rocha and Simmonds, 1997; Mutai et al., 1998; Latif et al., 1999; Plisnier et al., 2000; Behera et al., 2005; Black, 2005; Marchant et al., 2007; Ummenhofer et al., 2009; Manatsa et al., 2012, 2014; Manatsa and Behera, 2013; Bahaga et al., 2015; Tierney et al., 2015). From these studies it becomes evident that, at least for the “short rains,” the Indian Ocean Dipole (IOD) plays a much bigger role than the El Nino Southern Oscillation (ENSO) in East Africa. There is, however, a clear tendency of most of these studies to (i) focus on particular seasons and/or (ii) focus on the influences of one or two predefined (coupled) ocean (-atmosphere) indeces such as IOD or ENSO to name the two most widely investigated for this area. There are, to the best of our knowledge, no climatological studies that have approached SST induced precipitation influences over East Africa in a holistic, data driven manner up to now. Furthermore, most studies investigate SST-precipitation linkages for a rather broad regional area lacking conclusions on local scales. We intend to fill these gaps by investigating potential SST driven precipitation anomalies for (i) the complete time interval between 1982 and 2010 and (ii) for several sub-regions of about 100 × 100 km in addition to the entire East African domain. So far, few studies exist that link SST influences and eco-climatological anomalies for selected local regions in East Africa such as Chan et al. (2008); Otte et al. (personal communication) for Mt. Kilimanjaro, but these are often based on in situ rain gauge observations which limit their area-wide significance, even for the rather small local domain. In this study, we approach the SST driven precipitation anomalies at Mt. Kilimanjaro in a spatially and temporally holistic manner. Area-wide high-resolution precipitation grids (see next section for details) are being used over the complete period between 1982 and 2010, not limiting the investigation to any seasonal period.

2. MATERIALS AND METHODS

2.1. Data

Monthly SSTs between 60°N and 60°S for the entire globe are obtained from the NOAA SST product (NOAA OI SST V2, Reynolds et al., 2007). For precipitation information we use monthly Climate Hazards Group Infra Red Precipitation with Station data (CHIRPS) version 2.0 (Funk et al., 2014). CHIRPS is a 30+ year quasi global rainfall data set, which is available from 1981 until the recent present and has a resolution of 0.05° × 0.05° (longitude × latitude). It incorporates a number of satellite precipitation products including Tropical Rainfall Measuring Mission (TRMM), rainfall fields from NOAA's Climate Forecast System version 2 (CFSv2) as well as in situ precipitation observations. For a detailed description of the incorporated data and the applied methodology for the creation of CHIRPS, the reader is referred to Funk et al. (2014). Figure 1 gives an overview of the precipitation domains used in this study. In addition to the entire East African region we also investigate SST driven precipitation anomalies for five small mountainous sub-regions, namely Lake Tana, Bale Mountains, Mt. Kenya, Mt. Kilimanjaro and Mt. Loleza (from North to south) to investigate whether local differences in identified patterns can be observed. Note that for the entire East African domain CHIRPS data was re-sampled to 0.25° × 0.25° (longitude × latitude) to ensure acceptable computation times. Prior to the analysis, both data sets were tested for potential break points potentially stemming from changing observational input data over time. No such breakpoints were found in either data set.
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FIGURE 1. Mean annual precipitation between 1982 and 2010 in the response domains. Black squares show the locations of the small response domains.



2.2. Methods

In order to identify the influence of SST anomalies on East African rainfall we use Empirical Orthogonal Teleconnection (EOT) analysis as described in Appelhans et al. (2015). EOTs have first been introduced to the international literature as an alternative to the classical approach of Empirical Orthogonal Functions (EOF) by van den Dool et al. (2000) who outlines that both EOT and EOF are indeed very similar techniques with the former producing less abstract results. EOTs carry a quantitative meaning in the form of explained variance, thus enabling intuitive interpretation of the results. In brief, the algorithm works as follows:

1. Each pixel of the predictor domain time series is regressed against all pixels of the response domain time series.

2. The predictor pixel with the highest sum in the coefficients of determination is identified as the base point of the first mode.

3. All pixels of the predictor and response domains are then again regressed against this base point to quantify the relationships between this point and the rest of the domains.

4. To identify further modes, steps 1–3 are repeated on the residuals of the preceding mode, thus ensuring orthogonality.

These steps can be repeated until a desired number of modes is identified. Apart from similarity in the temporal dimension (i.e., identical amount of data points over time), the algorithm can be applied to any two data series without any requirements such as identical spatial resolution or physical units of the data. For detailed descriptions of the mathematics behind EOT analysis the reader is referred to van den Dool et al. (2000) and van den Dool (2007). Here, we use SSTs as the predictor series and precipitation as the response series and limit our investigation to the first two modes. Both data sets were pre-processed to extract climatic signals inherent in the time series. Seasonality was removed by subtracting the long term monthly mean. Background noise within the series was removed by principal component analysis (PCA), keeping those components that describe just above 80% of the time series inherent variance. Potential linear trends in the data sets were not removed as we explicitly want to capture possible changes in the relationships between the two data sets over time. In total we analyze 29 years of monthly SST and precipitation anomalies for the time period 1982–2010. We apply the EOT approach to moving chunks of 5 years of monthly observations. This is first carried out for the 60 time slices between 1982 and 1986. Then the application window is moved forward by 1 year so that the analysis is repeated with the next set of observations ranging from 1983 to 1987. This procedure is repeated until the last available 5 year chunk between 2006 and 2010 is analyzed producing 24 sets of modes between 1982 and 2010 in total. For each of these chunks we analyze temporal lags between SSTs and precipitation from 0 to 12 months.

3. RESULTS

In this section we focus on the description of the results found for the entire East African domain and provide references to the corresponding findings within the sub-domains (see Supplementary Materials) where approproate. For each domain we identify a total of 624 base points (24 chunks * 13 lags * 2 modes) and associated SST regions, represented by the coefficients of determination between the base points and each pixel in the SST domain. In order to understand the temporal dynamics of these patterns, Figure 2 provides an overview over the combined explanatory power of modes 1 + 2 over all 312 chunk/lag combinations analyzed for the East African domain (left panel) and the corresponding correlation coefficients for mode 1 (center panel) and mode 2 (right panel) individually. The solid white squares highlight the 16 modes with highest explanatory power (the upper 0.95 quantile of explained variance in the left panel). In general, and irrespective of lag times, the 1980s, early 1990s and early 2000s reveal reduced influence, while the mid to late 1990s and mid to late 2000s show enhanced explanatory power. All of the 16 most important chunk/lag combinations occur during these periods. A detailed overview of the identified patterns for the 16 most dominant base points is given in Figures 4, 5 for the leading modes and their respective secondary modes. It becomes evident that some of these patterns are rather solitary occurrences, e.g., “1995–1999 lag12,” “2001–2005 lag12,” and “2003–2007 lag00.” The latter clearly shows the influence of a positive IOD event in mode 1, which is also the mode that provides the vast majority of the explanatory power as can be seen in Figure 2. In line with previous studies, this positive IOD phase related mode exhibits the strongest absolute influence in our analysis. Given the close vicinity of the SST pattern to the response domain this is hardly surprising. In addition to these solitary patterns, we see a few patterns evolving that occur at least twice (indicated by the small letters in Figure 2). This is, however, only true for the leading modes in Figure 4. The second modes shown in Figure 5 do not show any pattern consistency neither related to the leading modes, nor overall. This is true for all domains as can be seen in the respective figures in the Supplementary Materials. Figure 3 provides an overview of these labeled patterns averaged over all mode 1 occurrences together with the respective averaged correlation coefficients in the response domain. We see that the shortest lag time is found in the Indian Ocean (Figure 3a). This pattern is related to the negative phase of the IOD exhibiting negative correlation to East African rainfall. This pattern is also found for the smaller domains that are located near or south of the equator, namely Mt. Kenya, Mt. Kilimanjaro and Mt. Loleza even though the lag times differ slightly (see Figures S10a, S14a, and S18a in Supplementary Materials). Pattern 3b with a lag of 8 to 9 months is located in the extra-tropical Indian Ocean and is positively correlated with East African precipitation. The location just north of the Kerguelen Islands indicates that the Antarctic Polar Front plays a role here. Moore et al. (1999) report consistent modulation of SSTs around the Kerguelen Plateau, a large sub-marine topographical feature that poses a natural obstacle for the Antarctic Circumpolar Current (ACC). To the best of our knowledge, there are no previous studies linking this oceanic region to East African climate. Yet, this is the only pattern we see in the large East African domain as well as in all small sub-domains, which highlights its importance for the region. Pattern 3c is located in the equatorial Atlantic and has a lag of 5–6 months. It is negatively correlated with East African precipitation and the only sub-domain to also reveal this pattern is the one surrounding Mt. Kenya. Pattern 3d with 9–10 months lag is located in the southern subtropical Atlantic Ocean and shows negative correlation coefficients with the response domain. In comparison to the other negatively correlated patterns, this exhibits the strongest signal, especially in the East African lowlands. This pattern as such is not found in any of the sub-domains, yet Lake Tana and Bale Mountains exhibit a similar pattern both in terms of location and lag times indicating that this pattern mainly influences the northern parts of the East African region. Pattern 3e is located in the south-eastern subtropical Pacific and is lagged by 10 months. Given that no sub-domain exhibits any patterns similar to this positively correlated influence on East Africa, it may be that this pattern is especially important for the lower elevated regions throughout the domain, as all our sub-domains are domains of complex terrain.
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FIGURE 2. Left: Explained space-time variance of the East African response domain for modes 1 and 2 by chunk and lag. Center: Mean correlation coefficient between the identified base point and all pixels in the response domain by chunk and lag for mode 1. Right: Mean correlation coefficient between the identified base point and all pixels in the response domain by chunk and lag for mode 2. Labels a–e show the chunk/lag combinations that are used in Figure 3. Solid white squares denote upper 0.95 quantile in explained variance.
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FIGURE 3. The five most important SST regions for the East African domain as indicated by the small letters in Figure 2. Left panels show mean coefficient of determination between each pixel of the predictor domain and the respective base points (red diamonds). Right panels show average correlation coefficient between each pixel in the response domain and the respective base points. Lag times are provided in the lower left corner of the left panels.
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FIGURE 4. The 16 most important patterns in mode 1 (upper 0.95 quantile in explained variance) as identified by the white squares in Figure 2.
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FIGURE 5. The 16 most important patterns in mode 2 (upper 0.95 quantile in explained variance) as identified by the white squares in Figure 2.



Regarding the East African lowland regions, it is generally observed that the correlations are higher for these areas than for the areas of complex terrain, regardless of domain size, pattern location or lag times. One potential reason for this could be found in the nature of the data, with gridded data being generally less accurate over areas of more heterogeneous topography. A further general observation is that the two oceanic basins surrounding the African continent seem to play a bigger role than the tropical Pacific Ocean, though isolated patterns do exist and it is sometimes coupled which point to influences from this basin. Regarding the consistency between first and second modes, which, if found, would indicate teleconnectivity, we do not find any patterns that re-occur within the second mode as they do in the first in any of the domains. This indicates that, should such precipitation modulating teleconnections between oceanic regions exist, they operate on temporal scales beyond the five year chunks that we have investigated here.

4. DISCUSSION

In this study we have used empirical orthogonal teleconnection analysis to identify global sea surface temperature regions that influence precipitation in East Africa and selected montane sub-regions within the region. We did not limit our analysis to any season or any region, rather we investigated SST influences in 5 year chunks for the entire period between 1982 and 2010 and lag times between 0 and 12 months. Our approach does not enable any process inference as it is purely statistical. There has been much focus in the international literature on understanding the dynamic links between IOD and ENSO and East African precipitation. Here, we found that the region around the Kerguelen Plateau in the southern Indian Ocean plays a role throughout the entire East African domain, regardless of scale, which has not been reported in the literature before. Furthermore, we found (i) that there are distinct times of enhanced influences, (ii) that the most influential SST regions are located in the Indian and Atlantic Ocean basins, (iii) that the Indian Ocean Dipole exhibits highest explanatory power with regard to precipitation modulation in East Africa, (iv) that not all identified influences are equally important throughout the East African domain and (v) that lowland areas are generally more influenced than mountainous regions. Our findings suggest that any inference of previously reported SST influences on East African precipitation need to be carefully tested when applied to smaller areas within the region as it can not be assumed that these will be of equal importance throughout the entire domain. This is also true for considerations over time. From our analysis it becomes evident that influential SST regions shift depending on the considered time span. Therefore, assumptions about regional SST influences in East Africa should be carefully considered when applied to investigations on local spatial and differing temporal scales. In addition, topography also influences correlations so that this aspect needs to be considered as well. In light of the identified influential region around the Kerguelen Plateau, we suggest that this region be investigated more closely in the future, especially regarding the processes underlying this link to precipitation in the East African region. Our findings suggest that there are other regions that do also play a role in influencing precipitation over the region and it would be desirable to understand the driving processes at a similar level of detail as we already do for IOD and ENSO.
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