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Abstract

:

This study investigates the importance of convective systems for extreme rainfall along the northern coast of the Gulf of Guinea (GG) and their relationship with atmospheric and oceanic conditions. Convective system data (MCSs), daily precipitation, sea surface temperature (SST) and moisture flux anomalies from June to September 2007–2016 are used. The results show that 2/3 of MCSs crossing Abidjan are produced in June, which is the core of the major rainy season. Likewise, 2/3 of MCSs originate from continental areas, while 1/3 come from the ocean. Oceanic MCSs are mostly initiated close to the coast, which also corresponds to the Marine Heat Waves region. Continental MCSs are mostly initiated inland. The results also highlight the moisture flux contribution of three zones which have an impact on the onset and the sustaining of MCSs: (i) the seasonal migration of the intertropical convergence zone (ITCZ), (ii) the GG across the northern coastline, and finally (iii) the continent. These contributions of moisture fluxes coincide with oceanic warming off Northeast Brazil and the northern coast of the GG both two days before and the day of extreme rainfall events. The ocean contributes to moisten the atmosphere, and therefore to supply and sustain the MCSs during their lifecycle.
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1. Introduction


West Africa belongs to the intertropical zone where the most intense convective systems occur at local, synoptic, and mesoscale scales [1]. These systems are responsible for more than 80% of cloud cover and contribute to 90% of the cumulative rainfall of this region [2]. In recent decades, this region has repeatedly experienced the severe impacts of convective systems, leading to devastating consequences for local communities. These impacts result, sometimes, in extreme rainfall events that cause loss of human life and property, road and social infrastructure damage, destruction of habitats, and disruption of water and energy resources [3,4]. Rainfall from these systems is a key parameter that determines climatic variability and helps to differentiate climatic zones in West Africa [5,6]. This last region includes some of the world’s poorest countries. Thus, its strong dependency on agricultural resources leads to disastrous consequences if abnormal situations of intense rainfall or drought occur [7].



Côte d’Ivoire is a West African country located on the edge of the tropical Atlantic Ocean, between 9° W–2.5° W of longitude and 4° N–11° N of latitude. It also experiences climatic fluctuations marked by severe droughts, such as those of 1983 and 1994, which had a significant economic and social impact [8,9]. These resulted in an increase in bush fires, the loss of some cash crops, and lower yields of food crops [10]. This country also experienced exceptional rainfall in 2015 [3], 2014, 2017, and 2018 [11], which also had negative socio-economic impacts. It is influenced by humid air masses (hereinafter monsoon) from May to September, by the seasonal migration of the Intertropical Convergence Zone (ITCZ), and by dry air masses (hereinafter harmattan) from December to March. The District of Abidjan (centred on 5.3° N; 4.013° W) is the economic capital of Côte d’Ivoire. It is the largest metropolis that concentrates the main economic and industrial activities. It covers 2119 km2, with 14 municipalities, and has a population of 6,321,017 inhabitants, according to the latest census carried out by the Institut National de la Statistique (INS) in 2021 (http://www.ins.ci/, accessed on 17 August 2022). According to the report from the Office for the Coordination of Humanitarian Affairs [12], 26% of the surface area of Abidjan is at risk of flooding or landslides. Flooding and landslides caused by intense and extreme rainfall are the main natural hazards in this city, leading to loss of life and habitat, especially for vulnerable social groups [13]. For example, the Direction de la Météorologie Nationale (DMN) recorded a heavy rainfall amount of 105 mm on 11 June 2019. This event caused flooding and landslides in the communes of Yopougon, Attécoubé, Cocody and Abobo. It also caused the destruction of housing, submerged roads, and loss of human life and property, with 22 people dead, 6 people missing, 7 people injured, as well as 48 families and 121 students left homeless. However, UN–HABITAT [13] also questioned the uncontrolled occupation of roads and the lack of updating of the urbanization plan, which leads to bad expansion of the city.



The disastrous consequences of these exceptional rainfall events associated with mesoscale convective systems (hereafter MCSs) require a better understanding of the interannual variability of both parameters and of the atmospheric and oceanic surface conditions that cause these events. Many studies have suggested a relationship between the Atlantic Ocean and rainfall in West Africa [4,6,14,15], and an influence of the combination of atmospheric and oceanic surface conditions on rainfall in West Africa [3,11]. These studies have shown that sea surface temperature (SST) anomalies provide favourable conditions for the intrusion of the monsoon flow over West Africa. Most of the studies linking these dramatic rainfall events to ocean conditions generally focus on all of West Africa [16] or on the Sahel [4,17]. Few studies have been carried out along the coast of the Gulf of Guinea [6,11,18]. Similarly, various studies on convective systems in the intertropical zone [1,19,20,21] have mainly focused on the Sahelian region of West Africa [2,22,23]. Only few studies relate MCSs to extreme rainfall in the south of West Africa [24,25]. Finally, little is known about the MCS–extreme rainfall–atmosphere–ocean surface conditions relationships along the coast of the Gulf of Guinea.



Therefore, this study aims to establish a relationship between the convective systems that cross the coast of the Gulf of Guinea—mainly the Abidjan district—extreme rainfall events that occur there, and the atmospheric and oceanic surface conditions that cause these events. The objective is to provide a better understanding of the dynamics of convective systems on the West African coast and their contribution to the occurrence of extreme rainfall events that have dramatic economic and social impacts. Such a study is important to help decision-makers to find suitable adaptation and mitigation solutions to the risks associated with dramatic events, particularly for civil defence and urban planning.




2. Data and Methods


2.1. Data


The District of Abidjan (5.3° N; 4.013° W) covers an area of 2119 km2. It is one of the economic hubs of West Africa. Its harbour is the biggest in West Africa and the second biggest in Africa after that of Durban in South Africa. This region has a bimodal seasonal cycle centered on June and October, which represent the peaks of the major and minor rainy seasons, respectively (Figure 1). These two rainy seasons are separated by a major dry season from December to February and a minor dry season from July to September. Annual rainfall amounts range between 1500 mm and 2000 mm.



Abidjan borders the tropical Atlantic Ocean through the Gulf of Guinea. The marine seasons off the Abidjan district have been well described by various authors. The major upwelling season from July to September coincides with the monsoon period over West Africa, when the ITCZ migrates northwards [26]. Extreme rainfall over Abidjan is analyzed in relation to convective systems and surface atmospheric and oceanic conditions during the monsoon period. The rainfall variability was therefore studied by using daily values from the Global Precipitation Climatology Project (GPCP) [27] for June to September. This monsoon period includes both the peak in June of the major rainy season in Abidjan, and the upwelling period from July to September, which corresponds to the minor dry season in Abidjan. Amouin et al. [11] noted that extreme rainfall that causes distastrous social and economic consequences in the Abidjan district are found mainly in June. The daily GPCP rainfall was extracted on a 1° × 1° regular grid in this period from 2007 to 2016 (i.e., a total of 1220 days). This dataset was deduced from the blending of in situ observations and microwave measurements carried out by various geostationary satellites.



MCSs are usually identified by satellite digital images in the thermal infrared channel [23] and by meteorological radar [28]. In this work, the outputs of the tracking of organized convection algorithm (TOOCAN), developed by Fiolleau and Roca [23], over West Africa were used. These data are available for JJAS from 2007 to 2016. Mathon et al. [2] noted that Meteosat images are useful for cloud system characterization and classification predominantly in West and Central Africa, where the convection is well defined on a very large scale. TOOCAN uses data from the 10.8 µm channel of METEOSAT Second Generation to provide a coherent description of the lifecycle of convective systems (initiation, maturity, and dissipation). These data have a 3 km spatial resolution and a 15 min temporal resolution. They cover West Africa and a part of the Gulf of Guinea, within the band 0° N–19° N; 42° E–18° W, over the period June–September (hereafter JJAS) from 2007 to 2016. For more details about this algorithm, the reader should refer to the paper published by Fiolleau and Roca [23].



The relationship between MCS, extreme rainfall and large-scale atmospheric and ocean surface conditions was established by using the sea surface temperature (SST), horizontal and vertical winds, and specific humidity. The sea surface conditions were documented for the tropical Atlantic using the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation (OI) daily sea surface temperature anomalies [29]. These data were reported on a 0.25° × 0.25° grid for 2007–2016. Horizontal and vertical wind fields and specific humidity were extracted from the National Center for Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) reanalysis dataset [30] for the same periods (2007–2016). Daily data were reported on a 2.5° × 2.5° grid, with 17 pressure levels from 1000 hPa to 10 hPa for horizontal and vertical wind and 8 pressure levels from 1000 hPa to 10 hPa for specific humidity, respectively.




2.2. Methods


Statistical methods were used to study MCSs and extreme rainfall variability, and to establish the relationships between these two last parameters and atmospheric and oceanic surface conditions. An intense precipitation event is defined as the exceedance of a threshold that corresponds to the daily rainfall amount exceeding a given value during the study period [31]. Here, the extreme value was defined by using percentiles that are statistical quantities [3,11,32,33,34,35]. However, there is no fixed value chosen for all months. The high variability of rainfall (~279 mm in June, ~59 mm in August, and finally ~100 mm in September according to GPCP rainfall estimates, see Figure 1) makes it difficult to set a common percentile value. Thus, the 95th percentile was chosen as the threshold for determining extreme daily values. It was computed for each month of the JJAS season (Table 1). For example, the threshold for June (24.45 mm) was calculated using a 300-day number between 2007 and 2016. This simple method makes it possible to take into account the particularities of each month in the study period. For instance, June had a greater threshold than August, which is consistent with seasonal variability.



During their lifespan, MCSs can move, change, grow, shrink, split, or merge into one or more systems. Here, the aim was to determine their trajectory, from initiation to dissipation. At the date of extreme rainfall over Abidjan, MCSs that partially or entirely cover the city were identified. From this date, the trajectory of the convective system was investigated to establish the zones of initiation and dissipation. In this study, no assumptions were made about the convective zone of the MCS which would produce rain, nor about the part of Abidjan which would receive the rain. The entire MCS selection method is described in Appendix A.



The study of the specific atmospheric circulation and ocean surface conditions that can help to understand the role of MCSs in the occurrence of extreme rainfall events was achieved by plotting composite patterns of SST and horizontal moisture flux anomalies at 850 hPa, 925 hPa, and 1000 hPa each month. Moisture flux anomalies were calculated from the product of the wind and specific humidity anomalies. Discriminating atmospheric levels allows the analysis of the atmospheric dynamics that could influence these events. Anomalies were calculated as the difference between the same calendar days of the variable and its long-term daily mean. Then, the composite patterns were obtained by averaging each variable over all days of extreme events associated with the MCSs. Significant values derived from the t-test were also plotted. This method is fully described in Brown et al. [36].





3. Results and Discussion


3.1. MCS Occurrence along the Coast during JJAS


MCSs crossing the Abidjan district were identified in the dataset. At the time when a part or the entire surface of the convective system was over the Abidjan district, the trajectories were tracked. They included all positions from initiation to dissipation. The reader can refer to the Appendix for further explanation of this method. A MCS is oceanic (resp. continental) if its center of mass at initiation is located in the ocean (resp. continent).



The number and monthly frequencies of MCSs were computed during the monsoon period (Table 2 and Figure 2). A total of 582 convective systems were identified, of which 386 (~66.32%) were continental MCSs and 196 (~33.68%) were oceanic MCSs (Table 2). Table 2 shows that 2/3 (~64.78%) of the MCSs that crossed Abidjan occurred in June, which is the core of the rainy season. This number dropped significantly in July (19.24%) and in August (4.30%), which is the period of coastal upwelling at north of the Gulf of Guinea. The lower value in August coincides with the intensification of ocean cooling. The cooling of the coastal waters could help to stabilize the oceanic air masses and to prevent MCS initiation. Similarly, this period corresponds to the northernmost position of ITCZ [37,38], which influences the rainfall in the north of Côte d’Ivoire [5] and in the Sahel [4]. The slight increase in MCSs (~11.66%) in September is related to the end of the upwelling season and the beginning of the short rainy season along the coast. This is consistent with the seasonal cycle (see Figure 1), in which rainfall rises after the drop in August.



Discrimination between convective systems showed that 2/3 of MCSs (~66.52%) were continental, while 1/3 (~33.68%) were oceanic. The evolution of continental MCSs was similar to the total number during the monsoon period. It moved from the highest value in June (~38.66%) to the lowest in August (~3.44%), followed by a relative increase in September (~11.0%). The number of oceanic MCSs decreased from June (~26.12%) to September (~0.69%). This would indicate that the ocean’s contribution to coastal rainfall, through the convective systems, declines and disappears as the monsoon season nears its end.



Figure 3 shows the spatial distribution of the centers of mass of the MCSs during both initiation (Figure 3a) and dissipation (Figure 3b). The initiation and dissipation coordinates of these systems are represented by red dots for continental systems and green dots for oceanic systems. In order to take into account the entire lifespan of the system, the initiation (resp. dissipation) coordinates match the MCS positions in the first (resp. last) satellite image, where the brightness temperature is below (resp. above) the 235 K threshold. MCS surfaces at each timestep were not considered. This figure shows that the MCSs moved predominantly westwards and were either oceanic or continental.



Oceanic MCSs (Figure 3a) were mainly initiated between 5° W–1° E; 3.5° N–5° N, near the coast. This band is known as the coastal upwelling region in the north of the Gulf of Guinea [39]. It also corresponds to the region of marine heatwaves [40] which influence the climate of the coastal countries of West Africa. The dissipation of these MCSs occurred essentially in four regions: (i) The first region relates to the 5° W–1° E; 3.5° N–5° N band where they are initiated. (ii) The second region lies south of 3.5° N, from 1° N to 3.5° N. These two areas were the most frequent regions of dissipation. (iii) The third region lies westward between 12° W and 8° W. (iv) Finally, the last region lies to the north, between 5° N and 9° N. These last two areas recorded the lowest numbers of MCS dissipation.



Most of the continental MCSs (Figure 3b) were initiated in Côte d’Ivoire and Ghana, between the coastline at 5.15° N and 6° N. The second area of frequent initiation was the middle of Côte d’Ivoire (6° N to 9° N) and the east of Ghana, where few MCSs were initiated. Finally, a zone between 6° E and 10° E recorded a MCS with both the longest trajectory and lifecycle. This last zone corresponds closely to the Joss plate in Nigeria, which is a frequent zone of MCS initiation [3].




3.2. Spreading and Daily Convective Activity of MCSs along the Coast


The MCS initiation or dissipation coordinates were classified in 0.25° equal-amplitude classes, between 0° N and 10° N of latitude and 10° W and 10° E of longitude, respectively, to study both latitudinal and longitudinal displacements. For daily convective activity, 0.5 h equal-amplitude classes were defined from 0 to 24 h. Then, the frequencies of initiation and dissipation coordinates and the daily convective activity were calculated.



Figure 4 illustrates the latitudinal evolution of continental and oceanic MCSs. The maximum frequencies of initiation and dissipation of oceanic MCSs reached ~53% and ~33% respectively at around 4.5° N (Figure 4, left). The spreading of the initiation curve between 3.5° N and 4° N indicates that these systems were mostly initiated off the coast. Most of these systems dissipated over the ocean between 2° N and 4.5° N, and some of them over the coast between 4.5° N and 6.5° N. The maximum frequencies of initiation and dissipation of continental MCSs reached ~50% and ~36%, respectively, at around 5° N (Figure 4, right). Most MCSs were initiated along the coast from 4.5° N to 7° N, and few between 7° N and 9° N. The dissipation of these systems was almost evenly distributed across the 2° N–8° N band, centered at 5° N, where the maximum frequency was noted.



Figure 5 shows the longitudinal evolution of MCSs. The maximum frequencies of initiation and dissipation of oceanic MCSs reached 29% at around 3.5° W and 22% at 4° W, respectively (Figure 5, left). The initiation curve extends eastwards between 5° W and 0° E. This longitudinal band corresponds to the coastal upwelling zone in the north of the Gulf of Guinea [40]. Most of these MCSs dissipated westwards between 10° W and 2.5° W, outside the coastal upwelling zone. The maximum frequencies of initiation and dissipation of continental MCSs reached ~25% at around 3.5° W and 4° W, respectively (Figure 5, right), and were initiated at between 5° W and 2.5° W, respectively. The spreading of the dissipation curve at around 10° W indicates a westward propagation of these convective systems.



Figure 6 shows the daily convective activity of the MCSs. The minimum and maximum durations of their lifecycles were 02h and 39.5h, respectively (not shown). Most of the oceanic MCSs were initiated between 00h UT and 10h UT and dissipated between 14h UT and 20h UT (Figure 6, left). In the case of continental MCSs, initiation occurred between 10h UT and 16h UT, while dissipation took place between 16h UT and 00h UT (Figure 6, right). These results are in agreement with Rasera et al. [41], who pointed out a difference between MCS initiation and dissipation on the continent and in the ocean. Indeed, the initiation period of continental systems coincides with the maximum convection on the continent, which supplies these MCSs with moisture fluxes during their lifecycle.




3.3. Relationship between MCSs and Extreme Rainfall along the Coast of the Gulf of Guinea


The aim of this section is to understand the influence of MCSs in the occurrence of extreme rainfall events in the Abidjan district. Figure 7 shows the interannual evolution of cumulative rainfall during JJAS of each year. It also displays the cumulative rainfall of extreme rainfall events and the number of MCSs recorded in the Abidjan district for the same period. From 2007 to 2016, the highest cumulative rainfall amount in JJAS occurred in 2010 and 2014, while the lowest cumulative rainfall amount was in 2012. The trend in this interannual evolution decreased, although this was not significant (not shown). The trend of the cumulative extreme rainfall was similar to that of the total rainfall amount. Extreme rainfall accounted for ~35% of the total cumulative rainfall on average. It reached almost ~48% in 2010 and 2014, which were the wettest years in the series. The number of extreme rainfall events that allowed this contribution was 11 and 10 in 2010 and 2014, respectively (not shown). The low number of extreme rainfall events indicates that most of the cumulative annual rainfall during JJAS is due to a few rainfall events which can have disastrous consequences for the region. MCSs followed a similar interannual evolution to that of cumulative extreme and cumulative total rainfall amounts. A higher (lower) MCS number was associated with a heavily (weakly) rainy year. This result would indicate a relationship between MCS occurrence and extreme rainfall in the Abidjan district.



Figure 8 and Figure 9 illustrate the combined daily variation of rainfall and the number of MCSs recorded in the Abidjan district for each year in JJAS. The selected events are marked by black bars for one or more successive days. Extreme rainfall events for which the threshold is above the 95th percentile are shown in grey. MCSs have been differentiated into continental and oceanic.



Extreme rainfall occurred mainly in June and the first half of July, and in September, when rainfall rose again in accordance with the seasonal cycle. In particular, September recorded numerous extreme events in 2008 and 2010 (Figure 8), and 2014 (Figure 9).



The frequency of MCS occurrence was similar to that of extreme rainfall events. Each extreme event seems to be associated either with the occurrence of oceanic or continental convective systems, or both. This combination of extreme events and the concomitant occurrence of oceanic and continental convective systems was mostly observed between June and the first half of July. The frequency of MCS occurrence was almost null during the second half of July and in August for all years, although convective systems could be observed in some years (2007, 2008, 2010) during these months. Continental MCSs occurred practically during the monsoon period, with a higher frequency of occurrence in June and the first half of July. Oceanic MCSs also occurred between 1st June and mid-July, although in 2007, 2010, and 2013, a few convective systems occurred in September.




3.4. Overview of Atmospheric Circulation and Oceanic Conditions


The study of the specific atmospheric circulation and ocean surface conditions that can help to elucidate the role of MCSs in the occurrence of extreme rainfall events is now addressed in this section. The composite patterns of these variables are displayed two days before the extreme events to take into account the atmospheric and oceanic conditions during the initiation and spreading of convective systems up to the onset date of the event. This is because MCSs can be initiated before the date of the extreme event, as noted in the previous sub-sections, and then cross the Abidjan district. The monthly composite patterns allow the highlighting of the differences in ocean surface and atmospheric conditions in each month. Note that June is the core of the rainy season, and July, August, and September correspond to the short dry season, associated with coastal and equatorial upwellings at the north of the Gulf of Guinea, and the northward migration of ITCZ. Figure 10, Figure 11, Figure 12 and Figure 13 show the composite patterns of the daily SST and moisture flux anomalies at 850 hPa (left), 925 hPa (middle), and 1000 hPa (right), two days (Day-2, top) and one day (Day-1, middle) before the onset date of the extreme rainfall event, and the onset day (Day-0, bottom). The moisture flux anomaly (represented by vectors) is superimposed on each graph.



In June (Figure 10), the composite SST patterns show warming in the whole tropical Atlantic Ocean on all three days, except in the cold tongue area where a cooling is observed at the equator, in the 15° W–10° E longitudinal band. This cooling reached approximately −0.75 °C and shows the onset of the equatorial upwelling located within 15° W–2.5° E at Day-2. This upwelling intensified and extended eastwards at 10° E on Day-0. Warming patterns were observed over the Brazilian Nordeste at 40° W–25° W; 5° S–6° N, along the northern coast of the Gulf of Guinea within 10° W–5° E; 3° N–5° N, and south of 3° S. In these latter three SST patterns, anomalies mostly ranged between 0.5 °C and 0.75 °C, and in some places above 0.75 °C. Beyond these patterns, SST anomalies ranged from 0.25 °C to 0.5 °C in the whole southern tropical Atlantic basin.



Oceanic warming was associated with a penetration of the moisture flow over the Abidjan district. At 850 hPa, an eastward flow of oceanic moisture was observed within 3° N–6° N; 40° W–25° W. The latitudinal location of this flow coincides with the ITCZ cloud belt in June [26,37,38]. The oceanic moisture flow at 850 hPa seemed to begin above the positive anomaly pattern close to the Nordeste from Day-2 onwards and last until Day-1. At Day-0, the moisture vectors moved slightly away, eastwards from this pattern. Therefore, it appears that this oceanic zone could provide moisture to the atmosphere, which is carried eastwards to the Abidjan district. Another area of continental moisture from the east was also observed below 9° N. The combination of these two moisture flows would supply moisture to the atmosphere, and thus help to trigger and sustain convective systems up to the day of the extreme event. The moisture flow at 925 hPa was like that at 850 hPa, but with a less pronounced pattern within the ITCZ latitudinal belt. The moisture flow at 1000 hPa was also marked by northeasterly vectors in the Gulf of Guinea, particularly off Abidjan at Day-0. These vectors cross the two positive SST anomaly patterns already observed. This could indicate that the ocean along the northern coast of the Gulf of Guinea is also involved in moistening the atmosphere, and in supplying and sustaining the MCSs in June.



In July (Figure 11), the positive anomaly patterns of SST observed in June almost vanished, except over the Nordeste where they remained greater than 0.75 °C for the three days. The remaining northern basin had SST anomalies above 0.5 °C, while they were around 0.25 °C throughout the southern Atlantic basin. This would indicate the beginning of a cooling in the southern basin due to heat loss, and a warming of the northern basin. This discrepancy between the anomalies in the northern and the southern tropical Atlantic suggests the presence of a dipole [38,42]. This period also coincides with the upwelling in the Gulf of Guinea. Indeed, the negative SST pattern observed at the Equator in June expanded and extended to almost the whole northern coast of the Gulf of Guinea. The decrease of July anomalies compared to June would indicate an enhanced cooling of the ocean and a subsequent release of moisture fluxes that would contribute to moisten the atmosphere. This ongoing moistening could have an impact on the initiation and sustainability of convective systems.



Anomaly vectors of moisture flow at 850 hPa point out a flow from the ocean, located between 6° E and 10° E, moving eastwards, towards Abidjan at Day-2. This flow covered virtually the entire latitudinal band 40° W–0° E. In particular, this flow penetrated further into the continent towards the Abidjan district. These vectors seemed to shave the coast on the other two days. On Day-1 and Day-0, a quasi-cyclonic circulation of continental moisture flow from the east over the Abidjan district was observed over the continent, reaching this area.



At 925 hPa, the moisture flow lay in the same latitudinal band as at 850 hPa and showed similar patterns throughout the three days. However, the vectors begin around 25° W, as opposed to 850 hPa. The longitudinal band covered by the moisture vectors towards the Abidjan district corresponds to the seasonal migration of the ITCZ during this period. At 1000 hPa, the oceanic moisture flow exhibited two components between Day-2 and Day-0. One component lay between 6° E and 10° E, i.e., in the northern basin of the Atlantic, and another one in the southern basin, from 6° S to the northern coast of the Gulf of Guinea. This oceanic flow mixed with a continental flux from 12° N for the three days.



In August (Figure 12), the core of the upwelling season in the Gulf of Guinea, the Northern Atlantic basin warmed completely. Temperature anomalies, which were about 0.5 °C at Day-2, increased to above 0.75° C at Day-0. The anomalous warming in the northern Atlantic fell within 0° N–6° N and 12° N–20° N latitudinal bands. In the southern basin, the anomalies ranged from 0 °C to 0.25 °C on average at 40° W–10° W; 10° S–0° N. This difference suggests the establishment of the Atlantic dipole. Abnormally warm SST patterns (>0.75 °C) occur along the 2° S–2° N equatorial rail [42,43,44] between 10° W and 5° W, and off the coast of Angola where they exceed 0.25 °C. Kouadio et al. [5] showed that abnormal warming of the ocean could occur in the Gulf of Guinea during the month of August in particular years. Such anomalous warming can influence rainfall along the northern coast of the Gulf of Guinea. Although there was abnormal warming, there were coastal (<−0.25 °C) and equatorial upwellings off the northern coast of the Gulf of Guinea, and in the equatorial rail between 15° W and 10° W.



At 850 hPa, the moisture anomaly vectors lay between 9° N and 15° N throughout the three days and extended mainly towards the Sahel. A similar situation was observed at 925 hPa on Day-2 and Day-1. At Day-0, the ocean moisture flow around 6° N, from 20° W to 10° W crossed the continent and reached Abidjan by moving anticyclonically. Atmospheric dynamics at 1000 hPa were more distinct. There was an oceanic moisture flow along 3° N–15° N that was directed towards West Africa during the three days. Specifically, a part of this flow (between 3° N and 9° N) rotated anticyclonically, as at 925 hPa, when penetrating the continent and reaching the Abidjan district. Nevertheless, the flow reaching Abidjan was weak when considering the size of the vectors. This could explain, firstly, the few extreme rains and the lower rainfall amounts, and secondly, the lower number of MCSs observed over Abidjan in August as compared with the previous two months.



Figure 13 displays the ocean surface conditions and atmospheric moisture flow for September. The coastal upwelling North of the Gulf of Guinea is evident, and some small cooling patterns are apparent in the southern basin. The anomalous warming observed in August strengthened in the North Atlantic basin. The SST anomalies were almost greater than 0.75 °C in the patterns previously noted. In the southern basin, the anomalous warming in the equatorial band and off Angola had disappeared. The cooling spread throughout the southern basin, where the SST anomalies were almost lower than 0.25 °C.



The oceanic moisture anomaly at 850 hPa and 925 hPa had two components. One component in the latitudinal band 9° N–15° N corresponded to the seasonal migration of the ITCZ in this period and pointed to the Sahel during the three days. Another component, within 2° W–10° W; 3° N–9° N, moved inland to Abidjan, with strong moisture throughout the three days, notably at 850 hPa. At 1000 hPa, only the moisture flow across the 3° N–9° N band reached the Abidjan district. This flow could moisten the atmosphere and influence MCS initiation. This is consistent with previous analyses which showed that for certain years (e.g., 2007, 2010 and 2013), a few oceanic convective systems occur in September. These remarks would also explain the small number of MCSs and extreme events, and the weak rainfall during this month.





4. Conclusions


This study aims to investigate the influence of convective systems on extreme rainfall along the northern coast of the Gulf of Guinea. It also diagnoses the atmospheric and oceanic influences. MCS data series from TOOCAN, and daily gridded data from the Global Precipitation Climatology Project (GPCP), National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation Sea Surface Temperature (OISST) anomalies, and moisture flux calculated from horizontal wind and specific humidity of NCEP–NCAR were used from June to September 2007–2016.



The study was carried out using statistical methods (composite and percentile) and is a valuable contribution to understanding the factors that influence extreme events in West Africa. Previous studies in this area do not connect MCSs, extreme events, and ocean–atmosphere interaction. We have linked MCSs, extreme rainfall events, and atmospheric dynamics, while quantifying the moisture input from the ocean two days before the extreme rainfall event to feed thunderstorm systems during the JJAS season. This period, which corresponds to monsoon season, includes the peak of coastal rainy season and the period of the major upwelling season off the northern coast of the Gulf of Guinea.



The results indicate that about 2/3 (~64.78%) of the MCSs that cross the Abidjan district are generated in June, which represents the heart of the rainy season. Their number drops in August (4.30%). Similarly, about 2/3 of the MCSs (~66.52%) that cross the district are continental while 1/3 (~33.68%) are oceanic. The number of oceanic convective systems decreases from June to September. This would indicate that the ocean’s contribution to coastal rainfall, regarding convective systems, declines gradually with the end of the monsoon season. Oceanic MCSs are initiated mainly close to the coast within 5° W–1° E; 3.5° N–5° N, which is also the location of marine heatwaves that influence the climate of the coastal countries in West Africa. Most of the continental MCSs are initiated inland in Côte d’Ivoire and Ghana. Daily convective activity of convective systems shows that most oceanic MCSs are initiated between 00h UT and 10h UT, and dissipate between 14h and 20h UT, with lifecycles between 03h and 39.5h. Continental MCSs are initiated between 10h and 16h UT and dissipate between 16h and 00h UT, with lifecycles between 02h and 39.5h. This period of continental system initiation coincides with the maximum convection over the continent, which supplies moisture fluxes to MCSs throughout their lifecycle. The relationship between MCSs and extreme daily rainfall indicates a similar evolution of the two parameters. A large (small) number of MCSs is generally associated with a heavy (weak) rainy year.



Finally, the study of specific atmospheric circulation and ocean surface conditions that can help to understand MCS influence on the occurrence of extreme rainfall events is also addressed. It was carried out monthly to highlight the differences in ocean surface and atmospheric conditions occurring each month. The results illustrate the contribution of moisture flux from three zones to the initiation and sustain of the MCSs that influence the extreme events studied: (i) the oceanic moisture flux from the seasonal migration band of the ITCZ during JJAS, (ii) the oceanic moisture flux in the Gulf of Guinea across the northern coastline where coastal upwelling and marine heatwaves occur in the southern Atlantic basin, and (iii) the continental moisture flux. The moisture inflow in the ITCZ oceanic band coincides with a significant oceanic warming over the Nordeste (>0.75 °C) two days before and the day of the extreme rainfall event. In the case of the northern coast of the Gulf of Guinea (10° W–5° E; 3° N–5° N), the anomalies range from 0.5 °C to 0.75 °C. These observations indicate that the ocean, through these two zones, contributes by moistening the atmosphere, and therefore by supplying and sustaining the MCSs. An important remark is the weak flow amount that reaches Abidjan in August. This would explain the small number of MCSs and extreme events, and the weak rainfall.



This study indicates that ocean–atmosphere processes can be used to improve the forecasting of MCS dynamics and extreme rainfall episodes over West Africa and could increase our warning capacity for severe weather conditions in that region. Initiatives of coupled model simulations could then give one a useful dynamical basis for such ocean–atmosphere processes. It could be useful to better explain the extreme rainfall phenomena. It could also help in planning the risks associated with these climate hazards, particularly in water resource management and civil defense.
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Appendix A


The surfaces of the district of Abidjan (  ~   2119     km  2   ) and the MCSs were assumed to be circular to facilitate the study. We have noted   r ~   2119   km   as the radius of the city of Abidjan, and the R_cluster of the MCS at time t. The 15 min spreading areas of MCSs are represented here as circles proportional to the cloud-covered area according to the method of Kouadio et al. [45].



The coordinates of the center of Abidjan are taken as    x a  = 4.013 °    W    for longitude and    y a  = 5.3 °    N    for latitude. In the case of MCSs, the coordinates of the center of mass (   x b    and    y b   ) are used. They vary in time depending on the trajectory of the system. The distance between the centre of mass of the system at time t and Abidjan (Figure A1a) is given by:


   D i   t  =        x b  −  x a     2  +      y b  −  y a     2    =  R  c l u s t e r   + X + r  











The aim is to minimize the absolute value of the distance   X =  D i   t  − (  R  c l u s t e r   + r )  , so that the system covers Abidjan entirely or partially.



If   X = 0  , i.e., 〖   D i   t  = (  R  c l u s t e r   + r )  , then the system razes the city of Abidjan without penetrating (Figure A1b). This case is not relevant to the study.



However, if   X < 0  , i.e., 〖   D i   t  < (  R  c l u s t e r   + r )  , then the system enters the city of Abidjan (Figure A1c). This case is interesting for the study. To increase the probability that rain occurs in the city due to the system, we consider that the absolute value of X is at least equal to 1/3 of the radius of the city of Abidjan, i.e., approximately 8.66 km (Figure A1b). This means that the system has sufficiently reached the city of Abidjan to have an impact.





[image: Atmosphere 15 00194 g0a1] 





Figure A1. Schematic diagram of the selection of MCSs that cross Abidjan. (a) The general case, (b) rejected case, and (c) selected case. The absolute value of X represents the distance to be minimized in the case of selected MCSs. The grey area represents the surface covered by the MCS. 
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Figure 1. Seasonal cycle of GPCP rainfall in Abidjan and SST at the northern coast of the Gulf of Guinea over 2007–2016, averaged over 10° W–10° E; 2° N–5° N. The grey rectangle indicates the study period. 
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Figure 2. Monthly evolution of MCS numbers (black) recorded in the Abidjan district during JJAS from 2007 to 2016. Continental (red) and oceanic (blue) MCSs are also represented. 
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Figure 3. (a) Initiation and (b) dissipation coordinates of oceanic (green) and continental (red) MCSs crossing Abidjan during JJAS from 2007 to 2016. Longitude (vertical black line) and latitude (horizontal black line) cross at the Abidjan district (black circle). 
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Figure 4. Latitudinal displacement of oceanic (left) and continental (right) MCSs crossing the Abidjan district during JJAS from 2007 to 2016. 
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Figure 5. Same as Figure 4, but for the longitudinal displacement of the MCSs. 






Figure 5. Same as Figure 4, but for the longitudinal displacement of the MCSs.



[image: Atmosphere 15 00194 g005]







[image: Atmosphere 15 00194 g006] 





Figure 6. Daily convective activity of oceanic (left) and continental (right) MCSs crossing the Abidjan district during JJAS from 2007 to 2016. 
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Figure 7. Interannual evolution of total cumulative rainfall, extreme rainfall, and MCS number recorded over the Abidjan district during JJAS from 2007 to 2016. 
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Figure 8. Daily rainfall (bars) and MCS number (circles) recorded in the Abidjan district from 2007 to 2011. The grey bars represent extreme rainfall values above the 95th percentile threshold. 
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Figure 9. Same as Figure 8, but for 2012 to 2016. 
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Figure 10. Composite patterns of daily SST anomalies (shaded) and moisture flux anomalies (arrows) at 850 hPa (left), 925 hPa (middle), and 1000 hPa (right), two days (Day-2, top) and one day (Day-1, middle) before, and on the day (Day-0, bottom) of the extreme event. Black contours provide the 95% confidence interval derived from the Student’s t-test. 
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Figure 11. Same as Figure 10, but for July. 
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Figure 12. Same as Figure 10, but for August. 
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Figure 13. Same as Figure 10, but for September. 
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Table 1. The 95th percentile threshold value of daily rainfall for each month.
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	Months
	June
	July
	August
	September





	Threshold (mm)
	24.45
	17.19
	8.35
	12.17










 





Table 2. Number of MCSs per month recorded in the Abidjan district in JJAS. The values in brackets represent the percentage of these systems relative to the total number.
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	Months
	Total MCS
	Continental MCS
	Oceanic MCS





	June
	377 (64.77%)
	225 (38.66%)
	152 (26.12%)



	July
	112 (19.24%)
	77 (13.23%)
	35 (6.01%)



	August
	25 (4.30%)
	20 (3.44%)
	5 (0.90%)



	September
	68 (11.66%)
	64 (11.00%)
	4 (0.69%)



	Total
	582 (100%)
	386 (66.32%)
	196 (33.68%)
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