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Abstract

:

This study aims to characterize the impacts of the Sahel–Sahara interface reforestation on compound extremes in the Sahel region during the West African monsoon season (June–July–August–September, JJAS). For this purpose, we performed a simulation with the standard version of the RegCM4 model, and another simulation with the altered version of the same model, taking into account the incorporated forest. Results show that reforestation may strongly influence the frequency of individual extreme events (dry and warm days) by decreasing them over and off the reforested zone. The reduction in these extreme dry and warm days may be due partly to the strengthening of the atmospheric moisture content over most parts of the West African domain and the weakening of the sensible heat flux south of 16° N. The analysis also shows an increase in extreme wet days over and off the reforested zone, which could be associated partly with the strengthening of evapotranspiration over most parts of the West African domain, including the reforested area. The analysis of compound extremes shows a strong occurrence of the compound dry/warm mode over the northern Sahel for both runs, probably due to the weak precipitation recorded in this zone. Both experiments also simulated a strong compound wet/warm mode occurrence over the Sahel due to a high rainfall occurrence over this region. When comparing both runs, the impact of the reforestation was to decrease (increase) the compound extreme dry/warm (wet/warm) mode over the reforested zone. The dry/warm mode decrease is consistent with that of individual extreme dry and warm days, while the compound wet/warm mode increase may be driven by that of the extreme wet days. Finally, when considering the seasonal cycle, the dry/warm mode exhibits a more substantial decrease in the beginning (June–July, JJ) than during the peak of the West African summer monsoon season (August–September, AS). Moreover, reforestation similarly affects the compound wet/warm mode in JJ and AS by increasing it in the reforested region and decreasing it over the Southern Sahel (south of 15° N). This work suggests that reforestation may be a good solution for West African policymakers to mitigate climate change over the region and to develop better strategies for water resource management.
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1. Introduction


According to the special report of the Intergovernmental Panel on Climate Change [1], the global average temperature has increased by 0.05 °C from 1998 to 2012. This global warming is accompanied by an increase in extreme weather events. Moreover, in West Africa, recent studies have characterized the evolution of these extreme events in the region using climate models or products derived from satellite images [2,3]. However, the availability of daily meteorological data and their access remains a significant obstacle to understanding the variability of the extreme events on national and local scales [4]. An increase in the frequency of extreme weather events in this region could negatively affect socio-economic activities, especially in the agriculture sector, which is highly dependent on the West African monsoon rainfall [5].



Furthermore, the degradation of the environment, more specifically that of plant cover, remains a major concern in West Africa. Many studies [6,7,8] have shown that this degradation of vegetation cover is due to human activities and climatic variations. Indeed, in addition to extensive agriculture and overgrazing, high population growth followed by heavy land use and climatic variability remain the main factors that lead to the degradation of vegetation cover. The damaging effects of this degradation on the physical environment and human activities are manifold, and affect the Sahelian countries. Béné and Fournier and Ozer et al. [9,10] have shown that human activity constantly damages the environment. According to [10], changes in climatic parameters, such as rainfall and temperature, are detrimental to the development of plant cover in West Africa. Other studies [7] have also shown that bushfires are the key drivers of environmental degradation in West Africa. From an environmental standpoint, the degradation of plant cover has caused significant losses in plant biodiversity.



The greenbelt or great green wall project, initiated by the Conference of Heads of the Sahel–Saharan States and Governments and approved on 29 and 30 January 2007 in Addis Ababa (Ethiopia), testifies the determination of the African Union (UA) in terms of environment protection. This project aims at reforesting the Sahelian band from the East (Djibouti) to the West (Senegal) in order to tackle the detrimental social, economic, and environmental impacts of land degradation and to stop the advance of the desert in this area. Furthermore, considerable efforts have been devoted to research on the potential effects of reforestation on the West African climate [11,12,13,14,15,16,17,18,19,20,21,22,23,24]. There is much information on its implication in Africa, especially in West African countries. Works from these studies investigated the effects of reforestation on mechanisms underlying precipitation changes and individual extreme events, as well as projected changes in the mean climate in the near future and higher-order statistics [12,17,19,20,21,24]. However, none of these previous studies have attempted to investigate the impacts of the reforestation at the Sahel–Sahara interface location on compound rainfall and temperature extremes over West Africa.



In fact, following several authors [25,26,27,28], the compound extremes are known as simultaneous or coincident extremes. These compound climatic extremes are receiving increasing attention from policymakers, especially in Europe, Russia, California, and China, because of their great impacts on human health and the environment [29,30]. Following [31], compound event research has become a new, rapidly developing research field at the interface between weather and climate science and climate-impact research. Several studies [32,33,34,35,36,37,38] have investigated compound extremes, such as the occurrence of drought and heat waves or low rainfall and high surface temperatures in these regions. Works from [39] showed that the large precipitation deficit in the central United States in 2012 that caused a severe drought between May and August was accompanied by high temperatures, which had a strong impact on crop yields. According to [31], most climate-related impacts are caused by compound events. These authors also concluded that most commonly studied compound events in the scientific literature so far are compound hot/dry events. Feng et al. [40] analyzed the frequency, severity, duration, and magnitude of compound hot/dry events over global land areas for the period 1951–2012, and found a remarkable increases in these characteristics in regions such as central Africa, Europe, Mediterranean regions, and northern parts of East Asia. Olmo et al. [41] found an increase in compound hot/dry events in southern America over the recent decades. Following [42], the day–night temperature extremes concurrently has increased strongly in China since the late 1990s, particularly in densely populated areas. For instance, [43] found an increase in compound hot/dry events in the Mediterranean, and attribute these increases primarily to increases in temperature. Beniston (2009) [44] showed that the number of compound extreme warm/dry and warm/wet modes have increased in Europe in the 20th century and will continue to increase until 2100. Therefore, better understanding their occurrence and analyzing their drivers is of high societal importance [45]. Other studies are focused on compound precipitation and wind extremes [46], which can lead to devastating damage, particularly to infrastructure. Zhang et al. [47] found that compound precipitation and wind extremes in China are most likely to occur in southern parts of the country. Owen et al. [48] found that 70% of co-occurring extremes of wind and precipitation in Europe occur within a distance of 1110 km of a cyclone for most of Europe. Morán-Tejeda et al. [49] also showed an increase in the frequency of the compound extremes of dry/warm and wet/warm days in the Spanish mountains from 1970 to 2007. Moreover, [30] also showed a significant increase in the compound extreme dry/warm occurrence during the period 1901–2016 in Melbourne (Australia). These pioneering studies helped to better understand the compound extreme characteristics across Europe, Russia, China, and the United States. In Africa, particularly over West Africa, few studies have focused on compound extremes.



Indeed, semi-arid regions, such as the Sahel, are particularly sensitive to any environmental change (climate, land uses and cover, landscape features/structures) and may be seen as vulnerable areas to be protected as a shield against an undesired expansion of arid zones. Greening solutions, such as the African Great Green Wall, have been proposed. However, given that the climate system is non-linear, with the existence of different temporal and spatial scales, response thresholds, and feedback loops, the response to such a measure could be complicated by the inertia of its components and by complex interactions between them. This is confirmed by [17] who showed that reforestation in West Africa could have both positive and negative impacts on climate over the region and remote areas. Following these authors, while the reforestation could reduce the greenhouse-induced warming and increase rainfall over the reforested area, it could enhance the warming and decrease rainfall outside the reforested area, because the reforestation slows down the monsoon flow in transporting cool and humid air north of the reforestation area.



Furthermore, changes in the sustainability of economic development and living conditions are linked to our ability to combat climate risks associated with extreme events. The knowledge of the behavior of these extremes remains essential in the life of local populations. In particular, human health can be impacted by abnormally high temperature values.



Results from Fontaine et al. [50] showed a warming ranging between 1 and 3 °C over the Sahara and Sahel for the period 1979–2011. Following these authors, the warming trend is associated with a higher frequency and longer duration of heat waves. Otherwise, the Sahel has experienced a large rainfall variability during these last decades [51]. This variability often translates into severe drought and flooding events, which negatively impact water-resource availability and food security [52,53]. However, Ali [54] showed that the period after 1993 seems to have been a turning point for the Sahel, with a succession of very wet years and very dry years. These authors found that the drought is continuing in the western Sahel, while the eastern part of that region is experiencing a gradual recovery (return to wet conditions). However, this general tendency is sometimes punctuated by the occurrence of extreme hydroclimatic events, such as flooding and strong dry spells, which have dramatic socioeconomic impacts on West African countries. Therefore, the necessity of taking into account the impacts of a possible change in land cover properties (especially changes in vegetation) on the occurrence of compound extreme events over West Africa becomes an important topic to investigate. This work is oriented in this direction.



This study investigates the changes induced by the Sahel–Sahara interface reforestation with regard to compound extremes over West Africa using the Abdus Salam International Centre for Theoretical Physics (ICTP) Regional Climate Model version 4.5 (RegCM4.5). The paper is presented as follows: the model and experimental design are described in Section 2; the results and discussions are presented in Section 3; Section 4 presents the summary and conclusions.




2. Data and Methods


2.1. RegCM Simulations


The fourth generation of the Abdu Salam International Centre for Theoretical Physics (ICTP) regional climate model released version 4.5 (RegCM4.5) was used. Briefly, the RegCM4.5 is a hydrostatic, compressible, sigma-p vertical coordinate model that includes different options of physics parameterizations. This model is extensively described by Giorgi et al. [55]. Diba et al. [19] have already shown that this model can be used to study climate variability over West Africa. A detailed description of the model, the experimental set up, and relevant references are provided in Diba et al. [19]. In this study, the Biosphere Atmosphere Transfer Scheme 1E (BATS1E) from Dickinson et al. [56] was used to simulate the land surface processes. The planetary boundary layer from Holtslag et al. [57] was parameterized. The subgrid explicit moisture and cloud scheme (SUBEX) from Pal et al. [58] was used to parameterize the large-scale rain. The model includes several cumulus convection schemes. The convection schemes used were those of Grell [59], with the closure of Fritsch and Chappell [60] for the main land areas and Emanuel [61] for the ocean as in [19].



The simulations were driven by the ERA-Interim reanalysis (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim, accessed on 20 March 2021) with the horizontal resolution of 1.5° × 1.5° [62,63] at the initial and lateral boundaries, and were carried out at a horizontal resolution of 50 km and 18 vertical sigma-pressure levels. Koné et al. [64] and Kouassi et al. [65] have demonstrated and confirmed, as in [19], that the configuration of RegCM4 used in this study is the best for the region. The simulation domain is represented in Figure 1. Two sets of experiments (model runs) were performed. These runs used two different land cover patterns, as shown in Figure 2. The land cover types used are presented in Table 1. This land cover is associated with a value that can be found in the legend of Figure 2. In the first experiment (Figure 2a), which was the control (CTR) for this study, we used the standard (reference) version of the RegCM4 model. This first simulation is referred to as RegCM4_CTL, and used the default land cover (vegetation) of West Africa provided by the RegCM4 model. In the second experiment, called RegCM4_REFORESTATION, we changed the vegetation cover over the area located between 15° N and 20° N (Sahel–Sahara interface)—which is a combination of grass (15° N–16° N), semi-desert (16° N–18° N), and desert (18° N–20° N)—to forest (Figure 2b) [19,22]. All the integrations started on 1 November 1989 and ran for 20 years and 2 months, until 1 January 2010. The first two months (November–December 1989) were excluded from the analysis to allow the model spin-up time, as in [19,64,66,67]. The impacts of the vegetation cover change were assessed by analyzing the difference between the simulations of the standard version of the RegCM4 model and the reforested version. In response to this land cover change (forest), several physical parameters, such as the leaf area index, albedo, and the roughness length were significantly modified (Table 2). These parameters were responsible for the difference between both runs.




2.2. Definition of Compound Extremes


Following [25], a compound event could be defined as two or more extreme events occurring simultaneously or successively, or the combinations of extreme events with underlying conditions that amplify the impact of the events, or the combinations of events that are not themselves extremes, but lead to an extreme event or impact when combined. According to [26], a compound event is an extreme that depends on several variables or events that are statistically dependent. In this study, the considered compound events (dry/warm and wet/warm) are defined as being when two extremes occur simultaneously (dry and warm or wet and warm). Additionally, individual extremes are characterized as follows: the precipitation (temperature) extremes are defined as dry or wet (cold or warm) when precipitation (temperature) is below/above certain thresholds (10th/90th percentiles) as in [28,29,30,31,34,38,40,43,44,49,68,69,70,71,72,73,74] (Table 3).



Daily rainfall and temperature data from the two runs of the RegCM4 model (with and without reforestation) were used to calculate the number of rainfall and temperature combinations of dry/warm and wet/warm compound extremes (Table 3) during the West African monsoon season (June–July–August–September; JJAS) over West Africa (0–20° N; 18° W–20° E) from 1990 to 2009. Indeed, the climate differences from one region to another were significantly linked to the rainfall and temperature variability. To go deeper into the seasonal characterization of the dry/warm and wet/warm compound extremes, we compared these modes between the beginning (June–July, JJ) and the core (August–September, AS) of the monsoon season.





3. Results and Discussion


3.1. Impact of Reforestation on the Rainfall and Temperature Extremes over West Africa


The simulation of the control (reference) version of the model (RegCM4_CTL) analyzed in this study has already been validated in [19,22,24]. The authors found that the RegCM4 model has low rainfall and surface temperature biases traducing its good ability to simulate the West African climate. For the validation of surface temperature and rainfall [19,22,24], the observed monthly mean surface temperatures of the Climate Research Unit (CRU) TS3.22 [75] and the precipitation data of the Global Precipitation Climatology Project (GPCP) [76] were used. The observed monthly gridded surface temperature data (horizontal resolution of 0.5 × 0.5 grid) were based on an archive provided by more than 4000 weather stations implanted across the world. The GPCP rainfall data are a combination of in situ measurements (rain gauges) and satellite rainfall at a spatial resolution of 2.5° × 2.5°.



This study focused mainly on the impacts of land cover changes (reforestation at the Sahel–Sahara interface) on compound extremes over West Africa by comparing the simulation from the standard version (reference) of the model (RegCM4_CTL) with that of the reforested version (RegCM4_REFORESTATION). The first part of this study was devoted to analyzing some atmospheric features necessary to better interpret the spatial distribution of the rainfall and temperature extremes over West Africa. Figure 3 shows the evapotranspiration, the sensible heat flux (Shf), and the latent heat flux (lhf) averaged from 1990 to 2009 for the RegCM4_CTL model (control case), the RegCM4_REFORESTATION model (reforestation run), and the difference between both runs during the summer season (JJAS period). The evapotranspiration increased from North to South (Figure 3a,b). The highest values (above 4 cg/m2/s) were obtained south of 13° N (over the southern Sahel and the Guinean regions). The weakest values (below 1.5 cg/m2/s) were found over the northern Sahel (Figure 3a,b). The difference between the reforested and the control runs showed an increase in evapotranspiration north of 10° N, with strong values (above 1.2 cg/m2/s) over the reforested areas (Figure 3c). This increase was consistent with the strengthening of the atmospheric moisture content integrated between 1000 and 850 hPa over the whole West African domain (figure not shown). The standard version simulated the maxima of sensible heat flux (>70 W∙m−2) north of 13° N (Figure 3d,e). The reforestation tended to weaken the sensible heat flux between 10° N and 16° N with strong values (>−20 W∙m−2) and to increase it over the northern Sahel, especially over the reforested zone (Figure 3f). The standard version of the RegCM4 model exhibited a dipolar structure of the latent heat flux, with the maxima (>50 W∙m−2) located south of 15° N (southern Sahel and the Guinean regions) and the minima (<30 W∙m−2) over the northern Sahel (Figure 3g,h). Reforestation tended to strengthen the latent heat flux north of 10° N (Figure 3i). This increase was more significant over the northern Sahel, with strong values (>30 W∙m−2) over the reforested zone (Figure 3i).



Dry years are a threat to agriculture, food security, and water availability in West Africa, particularly in the Sahelian zone. This zone has witnessed persistently oppressive droughts that have led to a decrease in agricultural productivity since the 1960s. Other impacts of the dry years include migration, water conflicts, and degradation of biodiversity in the region. Figure 4 shows the number of extreme dry days averaged from 1990 to 2009 for the control version of the model (RegCM4_CTL), the reforested version (RegCM4_ REFORESTATION) and the difference between these two runs. Stronger values of the extreme dry days were recorded over the northern Sahel (a north–south gradient) (Figure 4a,b). The smaller extreme dry days were simulated south of 12° N along the region of the maximum precipitation (ITCZ) and over the orographic regions (Fouta Jallon highlands; Jos Plateau and Cameroon highlands). The reforestation caused a decrease in the extreme dry days over the northern Sahel and the reforested zone (Figure 4c). The reduction in extreme dry days could be due partly to the strengthening of the evapotranspiration and the atmospheric moisture content in the lower layers (Figure not shown) over the reforested areas.



The number of extreme warm days is shown in Figure 5. The two RegCM4 runs simulated a lower frequency of extreme warm days in the southern Sahel and over the orographic regions and the Guinea coast (Figure 5a,b). The stronger values of this index were recorded over the northern Sahel. The difference between the simulations of the model shows that reforestation could strongly influence the frequency of extreme warm days. This index decreased over the reforested zone during the JJAS season (Figure 5c). This decrease in extreme warm days may be caused by an increase in the atmospheric moisture content (Figure not shown) over the Sahel and the weakening of the sensible heat flux (Figure 3f). The reinforcement of the latent heat flux (Figure 3i) led to a decrease in the surface temperature as shown in [77,78] and consequently a decrease in extreme warm days. The decrease in the individual extremes (dry and warm days) over the reforested area may be favorable for the agriculture and pastoralism that are the pillars of the economy of the considered regions.



When considering the extreme wet days (number of days with daily rainfall above the 90th percentile of daily mean rainfall), strong values of this index were obtained over the southern Sahel, the orographic regions (Fouta Jallon highlands; Jos Plateau and Cameroon highlands), and the Guinean coast (Figure 6a,b). These very strong rainfall events are known to be favorable to flooding, and therefore they are a major concern for local populations and policymakers. The smallest values of these indices were simulated in the northern Sahel for both runs (Figure 6a,b). The analysis showed an increase in extreme wet days over and off the reforested zone during the JJAS period (Figure 6c), which could be associated partly with the strengthening of evapotranspiration (Figure 3c) over most parts of the West African domain. Furthermore, the increase in extreme wet days may induce several consequences, such as flooding.




3.2. Impact of Reforestation on Compound Extremes over West Africa


Climate change affects many climate parameters, including precipitation and temperature. Over West Africa, studies on climate extremes have mainly focused on the extremes from a single variable, such as heavy/lower precipitation or maximum/minimum temperature. Moreover, several studies have extensively explored the compound precipitation and temperature extremes in Europe, Russia, China, and United States [28,30,38]. In this work, the frequency of compound extremes is defined as the number of days with concurrent dry, warm, or wet extremes over the considered season. The analysis of compound extremes over the 1990–2009 period shows that the two experiments simulated a strong occurrence of the compound dry/warm mode over the northern Sahel (around the northern part of Mauritania, Mali, and Niger), probably due to the weak precipitation values recorded in these zones during the monsoon season (Figure 7a,b). Moreover, human health and crop yields may be negatively impacted by the compound dry/warm mode. Reforestation tends to decrease the compound dry/warm mode over the reforested domain (Figure 7c). This decrease is partly linked to the reduction in individual extreme events (dry and warm days) over the reforested zone. This decrease in the dry/warm mode during the rainy season (JJAS) could have positive effects on crop yields of the Sahelian regions. The reduction in compound dry/warm mode could also be beneficial to local populations because it could lead to a decrease in energy consumption for the preservation of foodstuffs in rural areas, and for cooling and air conditioning in urban areas. Moreover, human health could also be positively affected by the decrease in the compound dry/warm mode because high temperatures pose a serious threat to the human organism and to plants. The two experiments showed a strong occurrence of the compound wet/warm mode over the Sahel during the June-September (JJAS) period (Figure 8a,b). This may be linked to the high convection and strong rainfall amount over this zone during the rainy season (JJAS). The difference between both simulations of the model shows that reforestation increases the compound wet/warm mode over the reforested zone (Figure 8c). The impact of reforestation is also manifested by a decrease in the compound wet/warm mode outside the reforested area between 10° N and 14° N. The increase in the compound wet/warm mode may be partly driven by the increase in extreme wet days. This variation in the wet/warm mode could have impacts on biodiversity, ecosystem services, and agriculture.



The last part of this study was devoted to the intra-seasonal characterization of the compound rainfall extreme events during the beginning (June–July, JJ) and the core (August–September, AS) of the rainy season (Figure 9 and Figure 10). A strong occurrence of the dry/warm compound extreme mode was diagnosed over the reforested area during the JJ period (Figure 9a,b). Reforestation mainly affected this index during the June–July period by decreasing it in the reforested area (Figure 9c,f) as in the summer period (JJAS). In the AS period, reforestation had little effect on this mode. The spatial distribution of the compound wet/warm mode during the beginning of the rainy season (JJ) was similar to that of the core of the rainy season (AS) (Figure 10a,b,d,e). The land vegetation change affected the compound wet/warm mode similarly during the JJ and AS periods by increasing (decreasing) it over the reforested area (southern Sahel), respectively (Figure 10c,f).





4. Conclusions


In this work, we studied the impacts of the reforestation at the Sahel–Sahara interface on the compound extremes over West Africa. To achieve this objective, we performed two sets of regional climate model experiments (with and without reforestation). Results show that reforestation modified compound rainfall over and off the reforested area. This result confirms the remote effect of reforestation, which means that change in vegetation cover can affect rainfall and temperature locally or in distant regions [17,19]. Moreover, the present work provides a first overview of the impacts of the reforestation at the Sahel–Sahara interface on the compound extreme rainfall events over West Africa.



Results show strong values of extreme dry days over the northern Sahel. The smaller values of extreme dry days were simulated south of 12° N and over the orographic regions (Fouta Jallon highlands; Jos Plateau and Cameroon highlands). Both RegCM4 runs simulated a lower frequency of extreme warm days in the southern Sahel and the Guinean coast. The stronger values of extreme warm days were recorded over the northern Sahel. Reforestation may strongly influence the frequency of individual extreme events (dry and warm days) by decreasing them over the reforested zone and outside this zone during the June–September (JJAS) period. The decrease in these extreme dry and warm days may be linked to an increase in atmospheric moisture content over the whole West African region and the weakening of the sensible heat flux between 10° N and 16° N.



Strong values of extreme wet days were obtained over the southern Sahel, the orographic regions (Fouta Jallon highlands; Jos Plateau and Cameroon highlands), and the Guinea coast. Results show an increase in extreme wet days over and off the reforested zone, which could be associated partly with the strengthening of evapotranspiration over most parts of the West African domain.



When considering the compound dry/warm mode, the two experiments simulated strong values of this mode over the northern Sahel due to the weak precipitation recorded in this zone. The impact of reforestation decreased this index over the reforested domain. Moreover, this decrease was more pronounced during the beginning of the rainy season (June–July, JJ). This index-weakening may be partly associated with the decrease in individual extreme events (dry and warm days). This decrease in compound dry/warm mode over the reforested area may be favorable for the agriculture of the considered regions. The analysis also shows a strong occurrence of the compound wet/warm mode over the Sahel during the June–September (JJAS) period. Results show an increase in the compound extreme wet/warm mode over the reforested zone during the summer season (JJAS). This may be partly driven by the increase in extreme wet days over the reforested zone. Additionally, results show that reforestation affected the compound wet/warm mode similarly during the beginning (June–July, JJ) and the core (August–September) of the rainy season.



Finally, the results show that reforestation decreased the dry/warm mode as well as individual extreme (dry and warm days) indices, especially over the reforested area, suggesting that this land cover change may have a positive impact on agriculture and human health, particularly over the reforested area. This study also suggests that ongoing greening efforts, such as the West African Great Green Wall project, may be a good option in creating favorable environmental conditions for increasing Sahel rainfall. However, an increase in the wet/warm mode and extreme wet days may induce dramatic consequences, such as flooding.
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Figure 1. Topography (m) of the simulation domain (West Africa) from the RegCM4 model. 
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Figure 2. Distribution of land cover types in the study domain: (a) the standard version of RegCM4 model and (b) the reforested version RegCM4_REFORESTATION. The reforested zone (between 15° N–20° N). 
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Figure 3. (a–c) Evapotranspiration (Evap) expressed in cg/m2/s, (d–f) sensible heat flux (Shf) and (g–i) latent heat flux (lhf) expressed in W∙m−2 during the JJAS period averaged from 1990 to 2009 over West Africa for RegCM4_CTL; RegCM4_REFORESTATION and RegCM4_REFORESTATION—RegCM4_CTL. 
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Figure 4. Number (expressed in days) of extreme dry days during the JJAS period averaged from 1990 to 2009 over West Africa for: (a) RegCM4_CTL; (b) RegCM4_REFORESTATION and (c) RegCM4_REFORESTATION—RegCM4_CTL. 
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Figure 5. Number (expressed in days) of extreme warm days during the JJAS period averaged from 1990 to 2009 over West Africa for: (a) RegCM4_CTL; (b) RegCM4_REFORESTATION and (c) RegCM4_REFORESTATION—RegCM4_CTL. 
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Figure 6. Number (expressed in days) of extreme wet days during the JJAS period averaged from 1990 to 2009 over West Africa for: (a) RegCM4_CTL; (b) RegCM4_REFORESTATION and (c) RegCM4_REFORESTATION—RegCM4_CTL. 
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Figure 7. Number (expressed in days) of compound dry/warm during the JJAS period averaged from 1990 to 2009 over West Africa for: (a) RegCM4_CTL; (b) RegCM4_REFORESTATION and (c) RegCM4_REFORESTATION—RegCM4_CTL. 
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Figure 8. Number (expressed in days) of compound wet/warm during the JJAS period averaged from 1990 to 2009 over West Africa for: (a) RegCM4_CTL; (b) RegCM4_REFORESTATION and (c) RegCM4_REFORESTATION—RegCM4_CTL. 
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Figure 9. Number (expressed in days) of extreme dry/warm days during the June–July (JJ) and August–September (AS) periods averaged from 1990 to 2009 over West Africa for: (a,d) RegCM4_CTL; (b,e) RegCM4_REFORESTATION and (c,f) RegCM4_REFORESTATION—RegCM4_CTL. 
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Figure 10. Number (expressed in days) of extreme wet/warm days during the June–July (JJ) and August–September (AS) periods averaged from 1990 to 2009 over West Africa for: (a,d) RegCM4_CTL; (b,e) RegCM4_REFORESTATION and (c,f) RegCM4_REFORESTATION—RegCM4_CTL. 
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Table 1. Land cover types/vegetation classes used in this study. NB: the values below indicate the type of land cover used in this study which can be found in the legend of Figure 2.
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	Crop/Mixed Farming





	1. Short grass



	2. Evergreen needleleaf tree



	3. Deciduous needleleaf tree



	4. Deciduous broadleaf tree



	5. Evergreen broadleaf tree



	6. Tall grass



	7. Desert



	8. Tundra



	9. Irrigated crop



	10. Semi-desert



	11. Ice cap/glacier



	12. Bog or marsh



	13. Inland water



	14. Ocean



	15. Evergreen shrub



	16. Deciduous shrub



	17. Mixed woodland



	18. Forest/field mosaic



	19. Water and land mixture










[image: Table] 





Table 2. Summary of BATS land cover characteristics used in the study. See Dickinson et al. [56] for more details.
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	Parameters
	Short Grass
	Tall Grass
	Desert
	Semi-Desert
	Forest





	Max fractional vegetation cover
	0.80
	0.80
	0.00
	0.35
	0.80



	Vegetation albedo for wave lengths < 0.7 μm
	0.10
	0.08
	0.20
	0.17
	0.06



	Vegetation albedo for wave lengths > 0.7 μm
	0.30
	0.30
	0.40
	0.34
	0.18



	Difference between max fractional vegetation cover and cover at 269 K
	0.1
	0.0
	0.2
	0.0
	0.4



	Roughness length (m)
	0.05
	0.10
	0.05
	0.10
	0.30



	Min stomatal resistance (s/m)
	60
	60
	200
	150
	120



	Max leaf area index
	2
	6
	0
	6
	6



	Min leaf area index
	0.5
	0.5
	0
	0.5
	0.5



	Stem (dead matter area index)
	4.0
	2.0
	0.5
	2.0
	2.0



	Root zone soil layer depth (mm)
	1000
	1000
	1000
	1000
	2000



	Soil texture type
	6
	6
	3
	5
	6



	Soil color type
	3
	4
	1
	2
	4
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Table 3. Definitions of the five extremes used in this study [28,29,30,31,34,38,40,43,44,49,68,69,70,71,72,73,74].
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	Indices
	Definitions





	Extreme dry days
	Number of days with daily rainfall different to zero and below the 10th percentile of daily mean rainfall



	Extreme warm days
	Number of days with daily temperature above the 90th percentile of daily maximum temperature



	Extreme wet days
	Number of days with daily rainfall above the 90th percentile of daily mean rainfall



	Compound dry/warm
	Number of days with daily rainfall different to zero and below the 10th percentile of daily mean rainfall and daily temperature above the 90th percentile of daily maximum temperature



	Compound wet/warm
	Number of days with daily rainfall above the 90th percentile of daily mean rainfall and daily temperature above the 90th percentile of daily maximum temperature
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