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Abstract

:

This study focused on the customization of the fourth generation International Center for Theoretical Physics Regional Climate Model version 4.4 and its ability to reproduce the mean climate and most dominant modes of variability over East Africa. The simulations were performed at a spatial resolution of 25 km for the period 1998–2013. The model was driven by ERA-Interim reanalysis. The customization focus was on cumulus and microphysics schemes during the Short Rains for the year 2000. The best physics combinations were then utilized for the validation studies. The East Africa region and Lake Victoria Basin region are adapted to carry out empirical orthogonal function analysis, during the Short and Long Rains. Tropical Rainfall Measuring Mission data was utilized in the validation of the model. The first mode of variability from the model and observational data during the Short Rains was associated with the warming of the Pacific Ocean and the sea surface temperature gradients over the Indian Ocean. During the Long rains, the inter-annual rainfall variability over the Lake Victoria region was associated with the sea surface temperature anomaly over the Indian Ocean and for the East Africa region the associations were weak. The drivers during the Long Rains over East Africa region were then further investigated by splitting the season to the March–April and May periods. The March–April period was positively correlated to the West Pacific and Indian Ocean dipole index, while May was associated with the Quasi-Biennial Oscillation. In conclusion, although the model can reproduce the dominant modes of variability as in the observational data sets during the Short Rains, skill was lower during the Long Rains.
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1. Introduction


The recent advancement of computational power has allowed various climate modeling groups worldwide to utilize Regional Climate Models (RCMs). Although the use of Regional Climate Models has been on the rise worldwide, a relatively limited number of studies have been conducted over East Africa. East Africa has approximately 80% of the population depending on rainfed activities [1]. In the past decades, the region has experienced numerous devastating droughts [2,3,4]. The droughts have undoubtedly caused social-economic disruption of livelihoods in the region [5] and further deterioration of the ecosystem [6,7].



Rainfall over East Africa exhibits a bimodal pattern, caused by the North-South migration of the Intertropical Convergence Zone (ITCZ). The Long Rains (March to May) are less variable and receive higher rainfall amounts compared to the Short Rains (October to December) [8]. The presence of the Africa Great Lakes, complex landscape, heterogeneous vegetation, and land cover give rise to a unique climate [9]. Early studies on inter-annual variability of precipitation over East Africa identified El Niño/Southern Oscillation (ENSO) as the leading source of variability [8,10,11] during the Short-Rains season. Later studies have shown that in addition to the teleconnection of East African precipitation with the Pacific Ocean, the Indian Ocean also plays a major role in modulating the precipitation over the region. The Indian Ocean Dipole (IOD) is a contrast between the sea surface temperature between the West and East segments of the Indian Ocean. Saji et al. [12] found evidence that the positive event of the Indian Ocean Dipole enhances rainfall over East Africa. A study done by Birkett et al. [13] found that during the 1997/1998 season, the influence of the Indian Ocean could have increased the total precipitation over the Lake Victoria Basin by 20% to 160%, while an El Niño event increased the total precipitation by about 15% to 20%.



Although the oceanic and atmospheric drivers for precipitation over East Africa are well-established for the Short-Rains season, they have remained elusive for the Long-Rains season [14]. A limited number of studies have linked ENSO to inter-annual variability of the Long Rains [15,16]. These studies have found a positive ENSO event is likely to lead to wetter conditions during the Long Rains. However, it is not the dominant force of variability during this season. Camberlin and Philippon [14] suggested that the season should not be analyzed in its entirety but rather group the onset and peak (March to April) and then analyze the cessation (May), separately.



Whereas the region has typically experienced a gradual decline in the Long Rains over the past decades, projections from the Coupled Model Intercomparison Project Phase 5 (CMIP5) models suggest that in the future, precipitation will increase over the East Africa region, a phenomenon presently identified as the “East Africa Climate paradox” [17,18]. Despite the consensus in the CMIP projections of increasing precipitation over the region, the Cook and Vizy [19] study projected a decrease in the precipitation using Regional Climate Models during the Long Rains. This apparent discrepancy necessitates the investigation of the ability of a regional climate model in producing the spatial and temporal variability of precipitation in the region.



A limited number of model customization studies have been conducted over East Africa using Regional Climate Models. Previous regional climate studies over the region include those utilizing the International Centre for Theoretical Physics (ICTP) Regional Climate Model [20,21,22,23,24,25] and some utilizing the Weather Research and Forecasting model [26,27,28,29]. This study utilizes the International Centre for Theoretical Physics (ICTP) Regional Climate Model version 4 (RegCM4). Past studies have shown the sensitivity of RCMs to dynamic configurations [20,21,22,23] necessitating the need for adequate model customization. RegCM4 includes major developments in the model physics implementation and parameterization. The implementation of a new microphysics scheme allows for a comparison on the performance of different microphysics schemes. In addition, the model allows the use of mixed cumulus schemes.



The objectives of this study are to:




	
Customize the RCM, focusing on the cumulus and microphysics schemes. Prior studies have shown that inadequate treatment of clouds physics is one of the major sources of error in climate models [21,23,26,27];



	
Evaluate the ability of the model to reproduce the observed inter-annual variability over the region;



	
Investigate the ability of the model to reproduce the dominant modes of variability for both the Long and Short Rains.









2. Model and Experimental Setup, Data, and Methods


2.1. Model and Experimental Setup


RegCM4 is a hydrostatic, compressible, three-dimensional, regional climate model [30,31] which consists of a number of physics parameterization. A number of studies have focused on the customization of the previous versions of the RegCM model over East Africa [21,22,23,25], however, the model physics parameterization has been improved. Furthermore, there is also an implementation of a new microphysics scheme that has yet to be tested over the region. The model is utilized for customization and validation experiments. Both experiments sets are conducted at a resolution of 25 km utilizing 18 vertical levels. The domain stretches from the Atlantic to the Indian Ocean.



In the customization experiments, the simulations are divided into two key segments, the performance of cumulus schemes, and also the microphysics for the year 2000 during the Short Rains. The simulations have three months spin-up time to allow the surface and atmospheric variables to reach an equilibrium point. All simulations were done with the 1-dimensional lake model setup to be run in the tropics, Biosphere–Atmosphere Transfer Scheme version 1e (BATS1e) land surface scheme [32], Holtslag planetary boundary layer [33], and the National Center for Atmospheric Research Community Climate Model (CCM3) radiation scheme [34] as the common schemes for all the experiments. The first experiments focus on cumulus schemes. We chose the cumulus schemes that have been extensively used in the region in past studies [21,23,25]. Accordingly, our study utilizes the Massachusetts Institute of Technology Emanuel (MIT-Emanuel) [35], and Grell scheme [36] with both closures that are the Arakawa–Schubert (AS) and Fritsch–Chappell (FC) closures. The microphysics scheme for the first set of experiments is the Subgrid Explicit Moisture Scheme (SUBEX) [37]. Table 1 summarizes the different cumulus physics schemes’ combination that were conducted in the current study.



The focus for the second set of experiments in customization was evaluation of the different microphysics schemes. Two options are available and these are SUBEX and Nogherotto–Tompkins [38]. While SUBEX has been tested over the region, to our knowledge the Nogherotto–Tompkins scheme has not yet been tested.



Initial and lateral boundary conditions were obtained from the European Centre for medium-range weather forecast (ECWMF) Reanalysis (ERA)-Interim [39,40]. The sea surface temperatures are obtained from the National Oceanic and Atmospheric Administration, produced weekly on a 1∘ resolution. Both the SST and lateral boundary conditions are updated every 6 h.




2.2. Data


Since the early 1990s, station density over East Africa has been declining [41,42]. This poses a challenge in model evaluations and investigating the climatic drivers of precipitation in the region. This study utilizes the Tropical Rainfall Measuring Mission (TRMM) data to overcome the gaps associated with the gridded insitu datasets over the region. We utilized the TRMM 3B43 monthly dataset from 1998 to 2013, available at a spatial resolution of 0.25∘ [43]. TRMM data has been used for different hydro-climatology studies and evaluated against observational insitu data in various studies [44,45,46,47]. These studies have found that although there is need to further improve the processing of precipitation data from satellite, TRMM data is able to capture the spatial and temporal distribution of precipitation in the region with relatively low biases.



Meridional, zonal wind components, and sea surface temperatures from the National Centers for Environmental Prediction (NCEP) reanalysis [48] were utilized to investigate rainfall-circulation, rainfall-sea surface temperatures relationships associated with the dominant modes of regional climate variability. The data spans from 1948 to the present and is available at monthly timescales with a T62 spatial grid.



A number of indices are chosen for this study. Selection of the indices was done based on past studies [8,10,11,12,13]. The following indices were used to determine the global teleconnections with rainfall over the region by correlating the indices with the time series of the Empirical Orthogonal Function analysis.



	
Nino 3 index (https://www.esrl.noaa.gov/psd/data/correlation/nina3.anom.data): Several regions of the tropical Pacific Ocean have been chosen as being important for monitoring and identifying El Niño and La Niña. The Nino 3 index spans from 150∘ W to 90∘ W, and from 5∘ S to 5∘ N.



	
Dipole Mode Index (DMI, http://www.jamstec.go.jp/aplinfo/sintexf/DATA/dmi.monthly.txt): The index is used to measure the strength of the gradient between the West and East Indian Ocean. It is obtained by calculating the difference between SST anomalies in the western (50∘ E to 70∘ E and 10∘ S to 10∘ N) and eastern (90∘ E to 11∘ E and 10∘ S to 0∘ S) equatorial Indian Ocean.



	
The quasi-biennial oscillation (QBO, https://www.esrl.noaa.gov/psd/data/correlation/qbo.data): The QBO is a quasi-periodic oscillation of the equatorial 30 mb zonal wind between easterlies and westerlies in the tropical stratosphere. It propagates downwards at about 1 km per month until they are dissipated at the tropical tropopause.



	
North Atlantic Oscillation (NAO, https://www.esrl.noaa.gov/psd/data/correlation/nao.data): The daily NAO index is constructed by projecting the daily (00Z) 500 mb height anomalies over the Northern Hemisphere onto the loading pattern of the NAO.



	
Tropical North Atlantic (TNA, https://www.esrl.noaa.gov/psd/data/correlation/tna.data) Index: The index is calculated using sea surface temperatures (55∘ W–15∘ W, 5∘ N–25∘ N) in the eastern North Atlantic Ocean.



	
Tropical South Atlantic (TSA, https://www.esrl.noaa.gov/psd/data/correlation/tsa.data) Index: The TSA is an indicator of the surface temperatures in the Gulf of Guinea. It is calculated using the SST box 30∘ W–10∘ E, 20∘ S–0∘ S.



	
West Pacific (WP, https://www.esrl.noaa.gov/psd/data/correlation/wp.data) Index: The West Pacific index is obtained by calculating the gradient between the North Pacific and the East Pacific.







2.3. Methods of Analysis


Evaluation of the model skill for the customization experiments was done by calculating the metrics proposed by Pielke Sr [49]. These methods included standard deviation and root mean square errors (RMSE). The standard deviation is defined as follows:


σ=∑i=1N(ϕi−ϕ¯)2N−11/2



(1)




where σ is the standard deviation, ϕi, is the individual prediction, ϕ0 is the average value, and N is the number of grid points in the predefined region. The standard deviation was calculated for both the observed and model data at seasonal timescales. The root mean square error are mathematically defined as follows:


RMSE=∑i=1N(ϕimod−ϕiobs)2N1/2



(2)




where, ϕimod and ϕiobs are the individual prediction and observations at the same grid point. According to Pielke Sr [49] methods, a model shows skill if the standard deviation of the model data is almost equal to the standard deviation of the observations but the root mean square error is smaller than the standard deviation of observations. In addition to the metrics proposed by Pielke Sr [49], the Pearson product moment pattern correlation was also calculated. The pattern correlation coefficient indicated whether the model and observations have the same patterns [50]. The pattern correlation coefficient was calculated as follows:


PCor=1N∑n=1N(ϕimod−ϕ¯mod)(ϕiobs−ϕ¯obs)σmodσobs



(3)







In order to separate the most dominant modes of variability, Empirical Orthogonal Function (EOF) decomposition was applied to the seasonal rainfall anomalies. EOF analysis was first introduced in meteorology by Lorenz [51] and is a fundamental tool that is now widely used for data reduction in meteorology and climate studies. A number of studies conducted over East Africa have used the tool to probe the physics underlying the variability of precipitation. In EOF analysis, we considered an N-dimensional vector time series x(t), sampled at N discrete points in space. In this case we used the covariance matrix to conduct EOF analysis. The covariance matrix of x is given by C=⟨xxT⟩. Objective and subjective methods have been proposed for use in determining the significant eigenmodes, which include methods proposed by North et al. [52], Jolliffe [53], Overland and Preisendorfer [54], and Preisendorfer et al. [55] for objective methods and the scree plot as a subjective method. This study utilized the North et al. [52] method to retain the most significant modes of variability.



Figure 1 shows the topography and the domain utilized in conducting the simulations. Since EOF analysis is domain dependent, two regions were chosen for EOF analysis: the East Africa (EA) region, as in Schreck and Semazzi [56] and Lake Victoria Basin (LVB). The Lake Victoria region is chosen as it is the nerve centre for East Africa and supports approximately 40 million people through fisheries, agriculture, hydroelectric power, drinking water, and transportation.





3. Results and Discussion


The results section is divided into two major sections: Model customization and model validation.



3.1. Model Evaluation


3.1.1. Cumulus Schemes


We first presented the results on the customization experiments. RegCM model was able to capture the spatial variability (Figure 2) of precipitation over the region. Although the model can reproduce the spatial variability, there are associated biases in each cumulus scheme. The simulations utilizing the Grell AS scheme have a tendency to underestimate total precipitation (Figure 2a,b) over the whole region. The Grell FC simulation (Figure 2d,e) produced rainfall that is comparable to the observational data. Although the simulations utilizing Grell schemes underestimate total precipitation, the different closure assumptions account for the different precipitation amounts, Grell AS releases buoyant energy every time step while the Grell FC closure dissipates the buoyant energy at time scales that are approximately half an hour [57]. The simulation with the MIT-Emanuel produced excessive rainfall over mostly the Congo basin (Figure 2c,f,g). The wet bias is consistent with past studies that have shown that once the scheme is triggered it produces intense precipitation [21].



The previous analysis focused on evaluating the model qualitatively by comparing the total rainfall from each of the cumulus schemes to that of the observational data, the model performance here was done utilizing the Pielke Sr [49] metrics. To analyze how the schemes perform in specific regions over the domain, the domain was subdivided based on the dominant land cover type that is the Congo rainforest (4∘ S–5∘ N, 21∘ E–28∘ E), East Africa (10∘ S–5∘ N, 28∘ E–42∘ E), and the Ocean (10∘ S–2∘ N, 42∘ E–58∘ E) regions. For the Congo rainforest, the least root mean square errors (RMSE) occurred when using the Grell FC scheme, while the highest errors occur when the MIT-Emanuel scheme is used over land (Figure 3a). In the Congo region only the simulations utilizing the Grell FC scheme, over both land and ocean shows skill. The red line in Figure 3a–c indicates the standard deviation of the TRMM datasets. The same conclusions can be drawn about the East Africa (Figure 3b) region and the ocean region (Figure 3c). The ocean region has the least skill with the RMSE for all the cumulus schemes as high as the standard deviation (Figure 3c). Zou and Zhou [58] coupled an ocean model to RegCM 3 and showed that without coupling the ocean model the atmosphere is driven by the prescribed SST forcing and hence the model does not perform well over oceans. The correlation coefficients in all the simulations are relatively high (Figure 3d), except over the oceans where the pattern correlation coefficients are as low as 0.49 in the mixed convective scheme simulations. In most of the simulations, the East Africa region had higher correlations despite the cumulus scheme utilized.




3.1.2. Microphysics Schemes


These simulations use the same physics combinations as outlined in the previous section except for the microphysics scheme, in this case, the Nogherotto–Tompkins scheme was utilized. The mixed convective schemes were not utilized for this set of experiments as the statistics from the cumulus comparison were not superior compared to using a single cumulus scheme. The simulation utilizing the Grell AS scheme became unstable when used in combination with the Nogherotto–Tompkins scheme after running for two months. Even though the Grell FC (Figure 4a) simulation is able to capture the spatial distribution of total precipitation it has a dry bias. Using the Nogherotto–Tompkins scheme reduces the overestimation of MIT-Emanuel considerably (Figure 4b), however, the model still has a wet bias. Comparing it with the SUBEX set experiments, the Nogherotto–Tompkins schemes simulates reduced precipitation. The reduction is attributed to the lower cloud cover produced in the Nogherotto–Tompkins scheme [38].



Table 2 is a summary of the statistics carried out to evaluate the microphysics scheme simulations. For the Grell FC scheme, the RMSE is less than the standard deviations of the model for all the regions. The standard deviations of the observations and model are slightly different, and we can conclude that the model shows skill. In contrast, the MIT-Emanuel scheme simulation has high standard deviations, and the RMSE are higher than the standard deviations. Hence the MIT-Emanuel scheme does not show skill in all the regions.



The customization experiments have shown that the Grell FC produces the best statistics in terms of total rainfall over the region when either microphysics is utilized. However, comparison simulated precipitation statistics between the SUBEX and Nogherotto–Tompkins schemes shows that the simulations utilizing the SUBEX microphysics scheme had slightly superior statistics in comparison with the ones that utilized the Nogherotto–Tompkins scheme. Hence we chose the Grell FC scheme with the SUBEX microphysics scheme as the best performing scheme for this analysis and for further use in the validation analysis. In addition to this physics combination of Grell FC and SUBEX, we also utilized a well-tested parameter tuned physics combination as in Davis et al. [21]. Davis et al. [21] utilized the MIT-Emanuel scheme with the SUBEX microphysics scheme and showed that the cumulus scheme simulated the most realistic partitioning of stratiform and convective rainfall.





3.2. Model Climatology and Inter-Annual Variability


It is fundamental to test whether a RCM is able to reproduce the mean climatology and temporal variability over a region. The multiyear simulations allows us to measure the sensitivity of the model to different synoptic scale atmospheric forcings [23]. The multiyear evaluation is conducted for the period 1998 to 2013. Two physics combinations are utilized for this set, the first set with Grell FC and another with MIT Emanuel cumulus schemes. Both simulations utilized the SUBEX microphysics scheme and the other schemes are as outlined in the Model and Experimental Setup section. Figure 5 is the average seasonal rainfall for the Long Rains. The simulation utilizing Grell FC scheme generally has a dry bias, especially over Tanzania and northern Kenya in comparison with the TRMM datasets. The parameter tuned MIT-Emanuel simulation produces rainfall comparable with the observational datasets fairly well, with dry biases over northern Kenya and parts of Tanzania.



During the Short-Rains season the model underestimates total precipitation for either physics combination (Figure 6). Dry biases are over Tanzania and northern Kenya just as in the Long-Rains case. The Grell FC simulated rainfall dry bias is generally higher than the parameter tuned MIT-Emanuel scheme during this season. Comparison on the model output for the different seasons shows that the model fails to capture enhanced rainfall during the Long-Rains season compared to the Short-Rains season. This discrepancy is consistent with analysis conducted for CMIP5 models over the region [59]. Deficiencies during this season are mostly over Tanzania and over Lake Victoria. In these regions, the model underestimates total precipitation with either model.



The seasonal rainfall temporal variability is obtained by calculating the standardized anomalies and then averaging these over the East Africa region. During the Long-Rains season, the model is unable to accurately capture the inter-annual rainfall variability with correlation coefficients of 0.43 and 0.30 for model output of Grell FC and MIT respectively with the TRMM time series (Figure 7a). In most cases during the Long Rains, the model is unable to capture the years with extreme rainfall. For example, the model output missed some wet seasons (e.g., 2006) and dry seasons (e.g., 1999). A study conducted by Argent et al. [27] showed that in some cases the optimal physics combination during a normal year might not be optimal during an extreme year. During the OND, season the model is able to capture the inter-annual variability regardless of the cumulus scheme utilized (Figure 7b). The correlation coefficients during this season are 0.91. Although the model is able to produce rainfall very well during the Long-Rains seasons, it was unable to reproduce the correct amplitude during a positive IOD phase and El Niño year (2006).



From this analysis, it is clear that the model performance is better during the Short-Rains seasons than the Long-Rains seasons. Spatial qualitative analysis shows that the parameter tuned MIT-Emanuel simulation produces rainfall amounts comparable to TRMM in both seasons. For the inter-annual rainfall variability, the Grell FC simulated rainfall has higher correlation coefficients during the Long-Rains season.




3.3. Empirical Orthogonal Functional Analysis


EOF analysis was applied to seasonal rainfall. Analysis was conducted for both the Short and Long Rains utilizing the East Africa domain and the Lake Victoria Basin with the results described in the following sections.



3.3.1. Short Rains Season


We retained only the first EOF (EOF1) according to the North et al. [52] method for the East Africa region during the Short Rains. Figure 8 shows the first mode of variability for the model (Grell FC and MIT-Emanuel) and TRMM respectively. EOF1 loading during this season is dominated by one pattern, with both physics combinations producing the pattern. EOF1 from TRMM explains approximately 58% of the total variance in the region of interest while the Grell FC scheme and MIT-Emanuel scheme have a variance of 56% and 52.5%, respectively. The correlation coefficient between the TRMM EOF1 time series and those for the simulations using the Grell FC scheme and the MIT-Emanuel scheme is 0.92 and 0.90, respectively (Table 3). The time series shows alternating dry and wet years and a slightly positive trend.



Pearson correlation coefficients for model and TRMM EOF1 with the different climate indices were computed. The correlation coefficients show statistically significant correlations with Nino 3 index and DMI, however DMI has a higher correlation; r>80% as compared to r>48% for Nino 3 (Table 3). All the other indices used in the study have low and statistically insignificant correlations. These results are consistent with past studies that have shown that SST anomaly forcing of the Pacific and the Indian Ocean modulate rainfall over the region [10,12,16,56,60,61,62]. A warm phase of ENSO has been shown to lead to higher precipitation over East Africa and the positive phase of IOD enhances precipitation in the region.



Composite analysis is done by considering the time series from the first EOF of TRMM. The years when the time series shows above normal rainfall are averaged to come up with the average SST and circulation patterns for the wet years. NCEP datasets are used in the composite analysis. Figure 9 is the composite for the SST and winds using the TRMM time series. Evidently Figure 9 also supports the influence of the Pacific Ocean and the Indian Ocean as in past studies. Above average rainfall is associated with the warming of the Pacific Ocean and warmer Indian Ocean temperatures along the coast of East Africa. In addition to the dipole SST over the Indian Ocean, the low level (850 hPa) wind composites show strengthening of the easterlies, hence an increase of moisture influx from the Indian Ocean.



For the Lake Victoria Basin, the loadings are high over the lake compared to the other regions (Figure 10). The Lake Victoria rainfall has an asymmetrical pattern that has been attributed to the lake bathymetry and the dominant flow [63]. From this EOF analysis, the model is unable to capture the asymmetrical pattern in the leading EOF, with the pattern shifted in both simulations. The correlations between the first loadings of TRMM and the model simulations are statistically significant and are 0.86 and 0.77 for Grell FC and MIT-Emanuel respectively (Table 4). EOF1 for LVB from TRMM explains approximately 58% of the total rainfall variability, while for Grell and MIT-Emanuel explains 52.8% and 48.9% respectively. Although the correlations for EOF1 with DMI is greater than 0.68 and is statistically significant, correlations with the Nino 3 index are statistically insignificant at the 95% significance level and marginally significant for TRMM and Grell FC at the 90% level.




3.3.2. Long-Rains Season


A limited number of studies have been done on the inter-annual variability of precipitation during the Long Rains compared to the Short Rains. For the Long Rains, the association of the SSTs and their gradients with seasonal rainfall variability have not yet been established. However, some studies have indicated that the variability of the onset and peak is different from that of the cessation and hence correlating individual months with the climate indices can reveal underlying associations [14,64]. We first analyzed the Long-Rains season over the East Africa region in its entirety and then split the season into two, where the cessation was analyzed separately from the rest of the season. The spatial pattern from both the model simulations and TRMM was mostly dominated by one pattern (Figure 11). The time series does not show a trend, and the amplitudes were comparable in most years except for the MIT-Emanuel during 1997 when the amplitudes are much higher than in the observations. The first EOF explains approximately 34% for MIT Emanuel, 33.1% for Grell scheme, and 23.6% for TRMM which is much less than in the Short -Rains season, suggesting an interaction of different drivers contributing to the seasonal total rainfall.



Correlation between both physics combinations and TRMM data are not statistically significant (Table 5), implying that during this season the model has less skill. We focused on just the TRMM correlations since the correlations with the model are very weak. During this season, the precipitation was weakly correlated with the IOD index only and all the other correlations were insignificant.



Since a number of studies have already alluded to the fact that the drivers of precipitation in this season were temporarily distinct we adopted the temporal separation of the season suggested in Camberlin and Philippon [14]. The EOF1 for TRMM March–April explains 28% of the variability while that of MIT-Emanuel and Grell FC explains 27.1% and 32.9%, respectively. During the March–April time period, the Grell FC and TRMM time series were statistically correlated while that for MIT-Emanuel was insignificantly correlated. The Grell FC and TRMM time series had statistically significant correlation with the DMI at the 95% confidence level. In addition to the DMI correlation, the TRMM time series was also negatively correlated with the West Pacific index. The correlations were however weak, suggesting that a number of teleconnections do affect the precipitation during this time period. Furthermore, the first EOF only explains 28% of the variability, implying that we only explained a small percentage of the variability. Analyzing the SST and wind composites for the Indian Ocean shows warming over the East Africa coast and easterlies into the region (Figure 12).



For the cessation period, the correlations for the EOF1 time series from both simulations are statistically significant with that of TRMM. Correlating these time series with climate indices showed that during the cessation, the rainfall in the region had a teleconnection with the QBO. The MIT-Emanuel scheme however is not statistically correlated with the QBO index. Indeje and Semazzi [65] created 8 different homogeneous regions and correlated them with the QBO index. Their findings revealed the heterogeneity of the region, some regions had high positive correlations while for some the correlations were low. Thus in our case, since the domain is big we expected that the signal would be diluted and weaker as we might have included other regions that were not highly modulated by the QBO.



Unlike in the case of the Short Rains, where the first EOF over the LVB from the model was not highly correlated with the observations during the Long Rains season, the model performed better over the lake. The first EOF over the basin explained approximately 52.3% for MIT-Emanuel, 50.9% for Grell FC, and 40% for TRMM (Figure 13). Both the physics scheme combination and the TRMM timeseries were correlated with the IOD index, suggesting that the drivers in the region were different (Table 5).



The SST composites (Figure 14) that are produced by using the LVB time series have the same pattern as the East Africa subregion, however the intensities are different. Comparison of the SST composites for the LVB and the East Africa domain showed that the LVB domain composites had a stronger gradient in the Indian Ocean as compared to the one obtained by compositing the East Africa Long-Rains time series. This highlights the importance of analyzing the region in smaller clusters that have the same rainfall regimes. The East Africa region consists of the Southern part of the domain that has an unimodal rainfall regime, and the rest of the domain is mostly bimodal hence why the mixed effects might be difficult to separate out in EOF analysis.






4. Summary and Conclusions


This study focused on the customization and validation of the RegCM4 model. The customization experiments focused on the cumulus and microphysics schemes. In the customization experiments, it was shown that over the domain of analysis Grell FC had the highest skills using either SUBEX or Nogherotto–Tompkins microphysics scheme. Comparison of the SUBEX and Nogherotto–Tompkins revealed that the physics combination of the MIT-Emanuel and Nogherotto–Tompkins scheme had lower wet biases in comparison with simulations that utilized the SUBEX scheme. Even though the wet bias was lower, the model still did not show skill according to Pielke Sr [49] metrics. Comparison of the SUBEX scheme and Nogherotto–Tompkins scheme revealed that in general simulations utilizing the Nogherotto–Tompkins scheme are generally drier than those utilizing the SUBEX scheme. Utilizing both the quantitative and qualitative evaluation analysis, we chose the Grell FC scheme with the SUBEX microphysics scheme as the best performing scheme for customization analysis and for further use in the validation analysis. Additionally, to the Grell FC ad SUBEX physics combination, we also utilized a well-tested parameter tuned physics combination as in Davis et al. [21], utilizing the MIT-Emanuel cumulus scheme and SUBEX microphysics scheme. The Davis et al. [21] parameter tuned physics combination was shown previously to produce the most realistic partitioning of stratiform and convective rainfall.



Validation was conducted on the seasonal total precipitation of the two physics combinations during the Short and Long Rains over East Africa. Two sets of validation analysis were conducted, (i) seasonal precipitation climatology and inter-annual variability as well as (ii) EOF precipitation seasonal analysis for both seasons. The simulated Grell FC precipitation climatology had a dry tendency for both the Long and Short-Rains season. In comparison, the parameter tuned simulated MIT-Emanuel precipitation was comparable to observed rainfall over the region. Both physics combinations failed to capture the enhanced rainfall during the Long-Rains season compared to the Short-Rains season. For inter-annual variability, model skill was found to be higher during the Short-Rains season compared to the Long Rains where the correlation coefficients were very low. From this analysis, the simulation with Grell FC could reproduce the inter-annual rainfall better than the simulation with MIT-Emanuel scheme. However, the Grell FC simulated precipitation was lower than the observed precipitation.



EOF validation analysis showed that during the Short Rains, both the physics combinations were able to reproduce the first mode of variability spatially and temporal for regional East Africa and the Lake Victoria Basin precipitation. This is especially so for the East Africa region where the model time series correlation coefficient and that for TRMM is about 0.9. When the Lake Victoria domain was considered, the correlation between the first modes for TRMM and from the model was reduced. This might imply that the model was unable to capture the mesoscale features over the lake and thus more work was required to accurately capture the dynamics over the lake. For the Short Rains, this study revealed that in recent years the inter-annual variability of precipitation over East Africa was mostly dominated by the variability of the Indian Ocean, rather than the ENSO events. This information is very critical in informing seasonal forecasting over the region. During the Long Rains, the rainfall was weakly associated with the SST gradients over the Indian Ocean. However, for the Lake Victoria Basin region, the correlation coefficients were relatively high, highlighting the importance of investigating the drivers for smaller homogeneous regions. Splitting the season into two, the onset and peak, and cessation revealed some underlying drivers. The March–April (onset–peak) period is positively correlated to the West Pacific with the TRMM datasets, however, both model simulations fail to capture the contribution of the West Pacific. The West Pacific has been linked to East Africa through modification of the Walker Circulation. During the cessation period, the QBO indices were significantly correlated to the EOF1 time series. The positive phase of the QBO was linked to enhanced rainfall over the region and has been identified as one of the sub-seasonal drivers of rainfall over the region. In addition to the West Pacific, other studies have identified the role of the Atlantic Ocean in modulating the cessation over the East Africa region.



In conclusion, although the model could simulate the dominant modes of variability during the Short Rains as in the TRMM dataset, the model had less skill during the Long Rains, especially when the East Africa domain is considered. More work needs to be done to understand the physical mechanisms that drive the Long-Rains season. The Grell FC scheme, despite its dry bias, can reproduce the inter-annual and the dominant modes of variability over the region for both seasons better than the MIT-Emanuel scheme. Hence we recommend using the Grell FC over the region, although parameter tuning needs to be conducted in order to correct the dry bias.
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Figure 1. Elevation (m) for the study region and domain utilized in the study. The extent of the East Africa (EA) domain (purple) and Lake Victoria Basin (LVB, green) utilized for the EOF validation analysis are shown by the rectangles. 
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Figure 2. Precipitation distribution (mm) using different cumulus parameterizations: (a) Grell AS; (b) Grell AS over land and MIT over ocean; (c) MIT over land and Grell AS over ocean; (d) Grell FC; (e) Grell FC over land and MIT over ocean, (f) MIT over land and Grell FC over ocean, (g) MIT; and (h) Tropical Rainfall Measuring Mission (TRMM) during the Short Rains in 2000. 
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Figure 3. Precipitation statistical evaluation for performance of the different cumulus schemes over the different regions: (a) root mean square errors (RMSE) and standard deviation over the Congo Region, (b) same as (a) but for the East Africa region, (c) same as (a) but over the ocean, and (d) pattern correlation coefficients for the different simulations with the TRMM observational data during the Short Rains in 2000. 
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Figure 4. Precipitation (mm) distribution using the Nogherotto–Tompkins microphysics scheme for (a) Grell FC and (b) MIT-Emanuel, and (c) TRMM during the Short Rains in 2000. 
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Figure 5. Total seasonal precipitation climatology over East Africa during the Long Rains from 1998–2013 for (a) Grell FC, (b) MIT-Emanuel, and (c) TRMM. 
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Figure 6. Total seasonal precipitation climatology over East Africa during the Short Rains from 1998–2013 for (a) Grell FC, (b) MIT-Emanuel, and (c) TRMM. 
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Figure 7. Inter-annual precipitation variability for standardized seasonal rainfall anomalies over East Africa during (a) Long Rains and (b) Short Rains from 1998–2013. 
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Figure 8. Spatial and temporal distribution for Short Rains Empirical Orthogonal Function (EOF1) precipitation from the RegCM model and observation over the East Africa domain (a) Grell FC, (b) MIT Emanuel, (c) TRMM, and (d) Timeseries plot for EOF1. 
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Figure 9. Low level winds (850 hPa) and sea surface temperature anomalies composites for EOF1 during the Short Rains for enhanced rainfall over the East Africa domain using the TRMM timeseries. 
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Figure 10. Spatial and temporal distribution for Short Rains EOF1 precipitation from models and observation over Lake Victoria Basin (a) Grell FC, (b) MIT-Emannuel, (c) TRMM, and (d) timeseries plot for EOF1. 
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Figure 11. Spatial and temporal distribution for Long Rains EOF1 precipitation from models and observation (a) Grell FC, (b) MIT Emanuel, (c) TRMM, and (d) timeseries plot for EOF1 over East Africa. 
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Figure 12. Wind and sea surface temperature anomaly composites during Mar–Apr for EOF1 over East Africa region using the TRMM timeseries. 
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Figure 13. Spatial and temporal distribution for Long Rains EOF1 precipitation from models and observation (a) Grell FC, (b) MIT Emanuel, (c) TRMM, and (d) timeseries plot for EOF1 over the Lake Victoria Basin. 
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Figure 14. Wind and sea surface temperature anomaly composites for EOF1 during the Long Rains over the Lake Victoria domain using the TRMM timeseries. 
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Table 1. Summary of Regional Climate Model version 4 (RegCM4.4) simulations done to test the performance of the different cumulus schemes over the region. The Land/Ocean indicate which schemes were used over land/ocean in the simulation. AS is the Arakawa–Schubert closure for Grell, FC–Fritsch–Chappell, and MIT–Massachusetts Institute of Technology.
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	Exp
	Land
	Ocean





	A
	Grell AS
	Grell AS



	B
	Grell AS
	MIT-Emanuel



	C
	MIT-Emanuel
	Grell AS



	D
	Grell FC
	Grell FC



	E
	Grell FC
	MIT-Emanuel



	F
	MIT-Emanuel
	Grell FC



	G
	MIT-Emanuel
	MIT-Emanuel
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Table 2. Summary of evaluation statistics for Regional Climate Model (RegCM) simulations done to test the performance of the different microphysics scheme for precipitation. RMSE is the root mean square error, SD Mod.—standard deviation calculated from model output and SD Obs.—standard deviation for observations, Cor is the pattern correlation coefficient.
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Scheme

	
Region

	
RMSE

	
SD Mod.

	
SD Obs.

	
Cor.






	
Grell FC

	
Congo

	
177

	
217

	
244

	
0.72




	
EA

	
147

	
192

	
221

	
0.78




	
Ocean

	
148

	
165

	
175

	
0.64




	
MIT

	
Congo

	
253

	
296

	
244

	
0.63




	
EA

	
204

	
295

	
221

	
0.75




	
Ocean

	
212

	
232

	
175

	
0.49
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Table 3. Summary of the correlation of TRMM and model output EOF1 with the different indices used in the study for the Short Rains Season over the East Africa region. The ** indicates correlations that are statistically significant at 95% and * at 90%, significance of correlation was done using a Student’s t-test.
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	Model
	DMI
	Nino 3
	QBO
	TNA
	TSA
	NAO
	WP
	TRMM





	Grell FC
	0.84 **
	0.51 *
	0.28
	−0.04
	0.24
	0.07
	−0.12
	0.92 **



	MIT
	0.80 **
	0.57 **
	0.16
	0.02
	−0.18
	−0.02
	−0.16
	0.90 **



	TRMM
	0.84 **
	0.48 *
	−0.30
	−0.01
	0.19
	−0.20
	0.01
	1
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Table 4. Summary of the correlation of TRMM and model output EOF1 with the different indices used in the study for the Short-Rains Season over the Lake Victoria Basin region. The ** indicates correlations that are statistically significant at 95% and * at 90%, significance of correlation was done using a Student’s t-test.
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Region

	
Mode

	
DMI

	
Nino 3

	
QBO

	
TNA

	
TSA

	
NAO

	
WP

	
TRMM






	
LVB

	
Grell FC

	
0.68 **

	
0.43 *

	
0.19

	
−0.02

	
−0.32

	
−0.22

	
−0.43 *

	
0.86 **




	
MIT

	
0.69 **

	
0.35

	
0.16

	
0.08

	
−0.33

	
−0.01

	
−0.26

	
0.77 **




	
TRMM

	
0.76 **

	
0.43 *

	
0.19

	
−0.02

	
−0.18

	
−0.02

	
−0.16

	
1
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Table 5. Summary of the correlation of TRMM and model output EOF1 with the different indices used in the study for the Long-Rains Season. The ** indicates correlations that are statistically significant at 95% and * at 90%, significance of correlation was done using a Student’s t-test.






Table 5. Summary of the correlation of TRMM and model output EOF1 with the different indices used in the study for the Long-Rains Season. The ** indicates correlations that are statistically significant at 95% and * at 90%, significance of correlation was done using a Student’s t-test.





	
Region

	
Season

	
Model

	
IOD

	
NINO3

	
QBO

	
TNA

	
TSA

	
NAO

	
WP

	
TRMM






	
EA

	
Long Rains

	
Grell FC

	
0.35

	
0.18

	
0.47 *

	
0.04

	
−0.17

	
−0.35

	
0.10

	
0.43




	
MIT

	
−0.13

	
0.07

	
0.46 *

	
−0.13

	
0.10

	
−0.11

	
−0.16

	
0.35




	
TRMM

	
0.46 *

	
−0.39

	
0.03

	
−0.14

	
−0.06

	
−0.42

	
−0.41

	
1




	
Mar–Apr

	
Grell FC

	
0.48 *

	
−0.08

	
0.06

	
−0.15

	
0.04

	
−0.12

	
−0.31

	
0.51 **




	
MIT

	
−0.23

	
0.25

	
0.27

	
−0.21

	
−0.30

	
−0.05

	
−0.07

	
0.39




	
TRMM

	
0.5 **

	
−0.29

	
0.40

	
−0.06

	
−0.20

	
0.35

	
−0.50 **

	
1




	
May

	
Grell FC

	
0.07

	
0.04

	
0.60 **

	
0.16

	
−0.33

	
−0.07

	
−0.15

	
0.67 **




	
MIT

	
−0.32

	
−0.21

	
0.34

	
0.01

	
0.20

	
−0.24

	
0.0

	
0.6 **




	
TRMM

	
0.23

	
0.05

	
0.43 *

	
0.26

	
−0.22

	
0.02

	
0.06

	
1




	
LV

	
Long Rains

	
Grell FC

	
0.67 **

	
0.04

	
0.09

	
0.24

	
0.26

	
0.31

	
−0.20

	
0.63 **




	
MIT

	
0.64 **

	
−0.0

	
−0.11

	
−0.01

	
−0.46

	
0.00

	
−0.21

	
0.61 **




	
TRMM

	
0.61 **

	
−0.06

	
−0.30

	
0.05

	
−0.08

	
0.36

	
−0.49 *

	
1
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