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Abstract

:

This study investigates the future climatic impacts of different percentages of trees/shrubs, C4 and C3 plant functional types (PFTs) over the West Africa region. The ratio of co-existence among the different PFTs was done as a representation of agri-silviculture practices over the region. Nine sensitivity experiments of different percentages of trees/shrubs, and C4 and C3 PFTs were carried out with a regional climate model (RegCM4) driven by Global Climate Model (HADGEM2-ES) outputs. These experiments were carried out along the Guinea Savana zone of West Africa using both prescribed and dynamic vegetation options of the model. The model simulated the seasonal evolution of precipitation and temperature fields quite well, with correlations greater than 0.8, but exhibited cold and wet biases of about 1–2 °C and 1–4 mm/day, respectively. Widespread warming (1–3 °C) and drying (1–2 mm/day) is projected in the near future across most parts of West Africa all year round. The West African future climate change associated with the different percentages of trees/shrubs, and C4 and C3 PFTs varied with the vegetation state (prescribed or dynamic) and model domain sizes. The prescribed vegetation experiments induced cooling of about 0.5–2 °C in most areas along the designated agri-silviculture zone, except Liberia and Sierra Leone. Similarly, enhanced precipitation occurred over most parts of Ghana and coastal parts of Nigeria (0.5–3 mm/day). On the other hand, the dynamic vegetation option did not exhibit pronounced changes in temperature and precipitation, except with a larger domain size. This study suggests the implementation of agri-silviculture as a mitigation and adaptation land-use practice across West Africa if drought-tolerant crops and the deciduous trees are adopted.
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1. Introduction


African forests constitute only 16% of the world’s total, but the rate of deforestation in Africa is more than six times the world’s average [1]. Increasing rates of deforestation and land degradation in the West Africa region has contributed immensely to the increase in atmospheric concentration of greenhouse gases and food insecurity in the region. The need to address the challenges of food insecurity and a failing economy in the region necessitates conversion of forests to agricultural lands for large-scale farming or for a developmental purpose, such as urbanization. The Food and Agricultural Organization (FAO) estimates the percentage of forest cover in African land areas to be 23% [1]. Between 1990 and 2010, there was approximately a 10% conversion of these land areas to other uses, such as for agricultural purposes, wood fuel, and building and construction [1]. The conversion of forests to agricultural lands for large-scale farming or developmental purposes, such as urbanization, is most pronounced in this region. Most recent global estimates of carbon emissions from deforestation suggest a decrease of over 25% for the period 2001–2010, compared to 2011–2015 [2]. However, the decline in deforestation corresponds to the deliberate large-scale tree plantation across the globe. For instance, a minimum of 10% tree cover was reported in more than a billion hectares of agricultural lands across sub-Saharan Africa, South East Asia, and South America [3], while approximately 15% of farmlands in sub-Saharan Africa have at least 30% tree cover [4]. Agroforestry is the intentional integration of trees/shrubs, crops, livestock, and pastures on the same piece of land [5,6]. It is recommended for its lower cost of carbon sequestration relative to pure forestation [7]. However, agri-silviculture—a branch of agroforestry—on the other hand, strictly involves the integration of trees and crops simultaneously on the same piece of land. Agri-silviculture practices in the semi-arid and sub-humid zones of West Africa are important as a buffer against the impacts of climate change [7,8]. This practice provides a wide range of environmental and economic benefits, such as improved micro-climate; increased crop yield; improved source of livelihood for farmers, landowners, and society at large; enhanced resilience during mid-season droughts; and decreased deforestation rates through a reduction in the demand and pressure on forested land [7,9,10,11,12,13,14]. Despite all the knowledge on the environmental and socio-economic benefits of agroforestry at the local scale, there are little to no studies providing information on its impact on the future climate at the regional or global scale.



Approximately over a decade ago, the United Nations Framework Convention on Climate Change (UNFCCC) adopted agroforestry as a climate change mitigation option under afforestation and reforestation activities [15]. The increasing areas of the world under agroforestry are expected to influence the flux and long-term storage of carbon in the atmosphere and living biomass [16,17]. Current understanding of the impact of agroforestry on the future climate at the regional and global scale is limited. However, investigating the effects of agri-silviculture (another form of modification to the vegetation structure), on the regional or global climate through field experiments is difficult, expensive, and unattainable. Hence, a numerical investigation could potentially provide a low-cost option to decision-makers with regard to land use planning under a changing climate. For instance, large-scale numerical reforestation experiments over West Africa [18,19], United States of America [20], Hungary [21], and other mid-latitude regions [22] have suggested induced cooling and enhanced precipitation over the reforested zones, but drying and warming outside these zones. In Africa, the climate is highly sensitive to changes in local processes, and most especially land use and land cover. Also, there are various studies which established a direct link between changes in land cover and decline in precipitation over the Sahel and Savannah regions of Africa (e.g., [23,24,25,26,27,28,29]. The changes in vegetation structure could potentially modify the climate and hydrological processes over West Africa [30,31].)



In this study, the impact of agri-silviculture on the future climate of West Africa is examined using different percentages of trees/shrubs. The C3 and C4 plant functional types (PFTs) provide cover along the Guinea Savanna zone of West Africa. C3 and C4 species are PFTs referring to the different pathways used by plants to capture carbon dioxide during photosynthesis. Most annual crops in West Africa are either C3 or C4 plants, while about 50% of the C4 species belongs to the grass family [32]. For instance, maize, sugarcane, sorghum, millets, and tropical pasture grasses are C4 plants, while beans, rice, wheat, fruit trees, nut trees, and potatoes are C3 plants. The integration of specific crops is outside the scope of this study since it requires a different land surface scheme [33,34]. However, the second C3 grass in the Community Land Model surface scheme is considered an unmanaged crop [34]. Previous studies examined the feedback effect of vegetation on the West African climate [30,35,36]. According to Wang et al. [36] climate simulations are sensitive to differences in vegetation mode (i.e., prescribed or simulated by the model). The response of vegetation to climate and anthropogenic forcing could influence the future climate over West Africa at a rate equal to or higher in magnitude relative to the radiative forcing from atmospheric CO2 [35]. To understand the impact of the various percentages of tree/shrub C3 and C4 PFTs cover on the future climate of West Africa, a regional climate model with prescribed and dynamic vegetation (i.e., the plant PFTs are simulated by the model) options in its land surface scheme is utilized. Therefore, the study attempts to: (i) evaluate the performance of the model (RegCM4) in the representation of surface and atmospheric processes over West Africa; and (ii) project the future climate change over West Africa with and without the agri-silviculture numerically designed experiments.




2. Model, Data, and Methods


2.1. RegCM4.4-CLM4.5 Model Description


The Abdus Salam International Centre for Theoretical Physics Regional Climate Model version 4.4 (RegCM4.4) is a hydrostatic model with dynamic characteristics and different physics options. RegCM4.4 has demonstrated robust capability in the simulation of the mean climate over different regions [37,38,39,40], and is therefore useful for climate projections and paleoclimate studies. The model has 18 vertical sigma levels extending from the surface to 50 hPa level, and provides different options for cumulus convection parameterizations and land surface schemes. A detailed description of the model is presented in References [41,42]. However, the Emmanuel scheme [43] and the Grell convective scheme [44] were adopted based on their suitability in the simulation of tropical convection [41,45]. RegCM4.4 was synchronously coupled to the National Center for Atmospheric Research Community Land Model version 4.5 (CLM4.5) in this study based on its capability to either simulate vegetation as prescribed (time-invariant; [46]) or dynamic [47]. In the dynamic vegetation option, carbon and nitrogen cycles, plant phenology and mortality, leaf area index, stem area index, and vegetation height are simulated. Similarly, the percentage cover of the different PFTs is simulated at annual time steps, according to specified bio-climatic rules (Table 1). In the CLM4.5 scheme, there are five different land unit types, 15 soil layers, five snow layers, and 16 different PFTs, which represent land surface heterogeneity [34]. The PFTs’ sub-grid level accounts for biogeophysical and biogeochemical differences between broad categories of PFTs. The percentage cover for the prescribed PFTs are derived from Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data, as described in Lawrence et al. [48]. If dynamic vegetation is enabled, the establishment of new PFTs depends on the bioclimatic rules for each PFT, regarding the warmest minimum monthly air temperature and minimum growing days [34]. Also, a minimum precipitation of 100 mm/year is required for the existence of new PFTs, while survival is associated with the coldest minimum monthly air temperature threshold for specific PFTs. In this study, the numerically designed sensitivity to land cover changes for agri-silviculture experiments were carried out using two African domain sizes in a cartographic projection of Normal Mercator. The first domain (Figure 1a) extends from 35° S–35° N and 45° W–40° E, while the more extensive domain (Figure 1b) extends from 45° S–45° N and 42° W–70° E. The more extensive domain size conforms to the Coordinated Regional Climate Downscaling Experiment (CORDEX) recommended domain for Africa [49]. It is known that regional climate models are sensitive to domain sizes [50,51]. Hence, the choice of two domains to examine the sensitivity of the dynamic vegetation simulations to different domain sizes. The model configurations are summarized in Table 2.




2.2. Data


Six hourly initial and lateral boundary conditions (e.g., air temperature, humidity, zonal wind, meridional wind, geopotential height, and surface pressure) for RegCM4.4 were obtained from the Met Office Hadley Centre for Global Environmental Model version 2 Earth System configuration (HadGem2-ES; https://verc.enes.org/models/earthsystem-models/metoffice-hadley-centre/hadgem2-es; Martin et al., 2011). Monthly output of Sea Surface Temperature (SST) from HadGem2-ES experiments provides the oceanic forcing for RegCM4.4. The boundary conditions dataset from HadGem2-ES spans the period from 1979–2004 and from 2029–2054 for both the historical and Representative Concentration Pathways 4.5 (RCP4.5) scenarios. HadGem2-ES is one of the models used in the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) and the Fifth Phase of the Coupled Model Inter-comparison Project (CMIP5; https://www.ipcc.ch/report/ar5/wg1/). It is an atmospheric ocean global climate model (AOGCM), which has an atmospheric resolution of 1.875° × 1.25° and 38 vertical levels, while the ocean resolution is 1° (increasing to 1/3°) at the equator and 40 vertical levels. The model represents the interaction between land and ocean carbon cycles and dynamic vegetation, with an option to prescribe either atmospheric CO2 concentrations or prescribe anthropogenic CO2 emissions, and simulate CO2 concentrations. The components included in HadGem2-ES configuration are the atmosphere, land surface and hydrology, aerosols, ocean and sea ice, terrestrial carbon cycle, atmospheric chemistry, and ocean biogeochemistry.



Monthly gridded (0.5° × 0.5°) observational data of 2-m surface temperature and precipitation were obtained from the Climate Research Unit (CRU) [53]. The atmospheric data (i.e., zonal, meridional, and vertical winds) were obtained from the European Center for Medium-Range Weather Forecast (ECMWF) gridded (0.5° × 0.5°) ERA-interim reanalysis (hereafter refer to as ERAIN) [54].




2.3. Methods


2.3.1. Experimental Design with RegCM4.4


In this study, nine numerically designed experiments were conducted with the RegCM4.4 model. The first six experiments, designated as PRES, PRESd1, FUTU, FUTUd1, GUSAG, and GUSAGd1, were carried out in a smaller Africa domain (Figure 1a), while the last three experiments PRESd2, FUTUd2, and GUSAGd2 were integrated over the larger domain in Figure 1b. The different domain sizes are expected to give further information on how domain size will influence the simulated different percentages of tree/shrub C3 and C4 PFTs in each of the nine experiments. PRES, FUTU, and GUSAG experiments incorporate prescribed PFTs in the CLM4.5 land surface scheme (Figure 2a,g), while PFTs are simulated in PRESd1, PRESd2, FUTUd1, FUTUd2, GUSAGd1, and GUSAGd2 according to the bioclimatic limits in Table 1. The historical climate (i.e., 1979–2004) was simulated and denoted as PRES, PRESd1, and PRESd2. Similarly, the FUTU, FUTUd1, and FUTUd2 represent the near future climate (i.e., 2029–2054) under the RCP4.5 scenario, while GUSAG, GUSAGd1, and GUSAGd2 experiments investigate the impact of agri-silviculture on the future climate of West Africa along the Guinea Savanna zone. The deciduous trees used in GUSAG, GUSAGd1, and GUSAGd2 experiments are expected to decrease competition with crops, increase water use efficiency and enhanced streamflow in comparison to evergreens [55]. On the other hand, future warming might favor the expansion of C4 species [56], but the increased concentration of atmospheric CO2 would enhance the growth of C3 species [57]. The first years of all the simulation experiments were discarded to avoid the problem of initial conditions, while the results of the last 25 years (1980–2004 and 2030–2054) were analyzed.



Figure 3a,f give an overview of the percentages covers of the modified PFTs in the simulated agri-silviculture experiments along the West Africa Guinea Savannah zone relative to the model’s default PFTs in this zone. However, the establishment or survival of a given PFT in the dynamic vegetation experiments (i.e., GUSAG, GUSAGd1, and GUSAGd2) depends on the bioclimatic limit specified in the model (Table 1). Table 3 summarizes the distinct characteristics of each of the nine experiments in this study.




2.3.2. Assessment of Model Performance


The capability of the model to simulate other circulation features of the West Africa monsoon system, such as the Inter-Tropical Convergence Zone (ITCZ), African Easterly Jet (AEJ), and Tropical Easterly Jet (TEJ) was investigated. The continental ITCZ is often referred to as the Inter-Tropical Discontinuity (ITD) [58], and its surface position was determined using the location of zero meridional wind. Similarly, AEJ and TEJ were located using the position of maximum westerly and zonal winds at 700 hPa and 200 hPa, respectively [18,58]. These three features of the West Africa monsoon contribute to the seasonal distribution and amount of rainfall over the region.



The evaluation of RegCM4.4 climate simulations was done using statistical metrics expressed in Equations (1)–(3), including pattern correlation coefficient (PCC), spatial root mean square difference (RMSD), and mean bias (MB). MB is the difference between the area-averaged value of the simulation and the observation. RMSD and PCC provided information at the grid-point level, while the MB did so at the regional level. Pattern correlation coefficient and RMSD gave information on the degree to which the model was able to reproduce the observed variable.
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where  N  is the number of grid points,    O i    is the value of the variable to the   i th   grid point of observation,    S i    is the value of the variable to the   i th   grid point of model simulations,   O ¯   and   S ¯   are the mean values, and    σ o    and    σ s    are the standard deviation values.






3. Results and Discussion


The performance of RegCM4 in the simulation of West Africa climate using both prescribed and dynamic vegetation options was examined for the period 1980–2004. Thus, the simulated precipitation, temperature, and winds are compared with observed and reanalysis data on a spatiotemporal scale. Similarly, the performance of the model in the representation of continental ITCZ, AEJ, and TEJ was also analyzed.



3.1. RegCM4 Model Validation


The time-latitude cross-section of temperature and precipitation average over the West Africa region between 15° E and 15° W for CRU observations, and the three RegCM4.4 simulations of historical climate are presented in Figure 4. The model, irrespective of the domain size or vegetation state (i.e., prescribed or dynamic) reproduced reasonably well the latitudinal distribution of temperature over West Africa. The peak position of the continental ITCZ over areas of maximum temperature in June and July was fully captured in PRES, PRESd1, and PRESd2 simulations. According to Reference [59], West Africa monsoon precipitation exhibits three distinct phases identified as the onset, peak, and cessation periods. The CRU observations of the historical climate identified the commencement of the onset period in April, and a vertical northward displacement of peak periods from 5° N in May/June to 8° N in August/September. Afterward, the cessation period commenced in October, with a southward retreat of the rain belt. However, the model’s historical simulations identified the onset period by a lag of 7–8 weeks in May/June, and did not capture the northward jump in the monsoon precipitation. The model’s delay in capturing the onset dates also correspond to its inability in the representation of the abrupt shift in precipitation observed from 5° N to 8° N. The spatiotemporal distribution of temperature, precipitation, and wind in PRES, PRESd1, and PRESd2 experiments were compared to observation and reanalysis data (Figure 5a,b). The simulated minimum temperature along the West African coast and maximum precipitation over the orographic region of the Guinea Highlands, Jos Plateau, and Cameroun Mountains during the peak of the monsoon from June to August (JJA), are in good agreement with observation data. Similarly, the transportation of cold, moist, south-westerly winds from the ocean to about 18° N during the peak of the monsoon, as well as the intensification of north-easterly dry winds during winter, was adequately captured in the model.



Each of the three historical climate simulations exhibits a varying degree of cold and warm biases of about 2 °C with an associated wet and dry biases of 2–4 mm/day along the coasts and over the continent (Figure 6a,b). For instance, in the PRES experiment, the most pronounced range of warm biases (2–4 °C) occurred south of 14° N, within 10° E and 20° E, but these biases were reduced to 1 °C in PRESd1 (Figure 6a). It is worthy of note that the difference between the PRES and PRESd1 experimental set-ups was only the activation of dynamic vegetation in PRESd1, which was prescribed in PRES. The differences in domain sizes of PRESd1 and PRESd2 changed the magnitude of the tree and C4 grass abundance in both experiments at the end of the historical climate period of study (Figure 7). The PRESd1 experiment simulated a 40–90% increase in the abundance of broadleaf evergreen trees along the West African coast. In contrast, PRESd2 increased the abundance of broadleaf deciduous trees along the coast, while there was no change in the abundance of evergreen trees. Similarly, a sporadic increase of up to 90% in C4 species abundance was simulated inland in the PRESd2 experiment, but PRESd1 showed a homogeneous increase of 40%. These changes may be associated with the differences in the identified biases from the two dynamic vegetation simulations. PRESd2 introduced the highest magnitude of cold biases among the three historical climate simulations over most parts of West Africa, but PRES and PRESd1 underestimated temperature along the coast, orographic region, and north of 18° N.



Similarly, precipitation along the West African coast was grossly overestimated (higher than 4 mm/day) for June to August (JJA) and September to November (SON) seasons, but underestimated by the same magnitude over the continent (Figure 6b). The pattern of the dry and wet bias was consistent with the temperature biases. The seasonal dry bias in PRES (Figure 6b) was reduced by about 2 mm/day in PRESd1 and PRESd2. The feedback from dynamic vegetation in PRESd1 and PRESd2 contributed partly to the reduction of temperature and precipitation biases in the respective experiments. On the other hand, the warmest bias of 8 °C was found over Western Sahara (approximately 23° N, 16° W) in all three historical simulations from June to August, while the coastal and orographic areas exhibited a cold bias of about 2–4 °C. Similarly, more pronounced wet biases of more than 4 mm/day occurred along the West African coast, but the dry biases were found inland. The magnitude of temperature and precipitation biases in all the seasons was not horizontally homogeneous, but appeared to be more intense over areas with complex terrains (e.g., Guinean Highlands, Cameroon Mountains, and Jos plateau in Nigeria). Previous regional climate model simulations over West Africa reported similar biases [18,30,60,61,62,63,64]. The model biases were associated with different factors, such as the absence of sufficient observing stations in the mountainous region, the influence of land/sea boundary conditions, physics configuration of the model, inherited biases from the driving global circulation models (GCMs), or the choice of cumulus convective parameterization [39,65,66,67].



The model reproduced reasonably well the amplitude of the seasonal variations of temperature and precipitation over West Africa in all seasons with a strong correlation, which ranged from 0.5 to 0.9 (Figure 8 and Figure 9). The simulated amplitude pattern which agreed well with observations lies to the nearest observation point on the x-axis. For instance, the amplitude of temperature variation in the PRESd2 experiment for March to May (MAM) and JJA seasons matched closely with observations by having the best normalized standard deviation (SD ≈ 1.0) and high correlation of 0.80 and 0.92, respectively (Figure 8b,c). However, during December to February (DJF) and SON seasons, the amplitude was slightly underestimated and overestimated by 0.1 °C and 0.2 °C, respectively (Figure 8a,d). On the other hand, PRES and PRESd1 overestimated the amplitude of temperature variation in all seasons, despite having strong correlations. The magnitude of overestimation during DJF and MAM seasons was similar in both PRES and PRESd1 experiments. In contrast, during the SON season, there was a marked difference in the magnitude of temperature variations among the three historical simulations of temperature. The performance of the model in the representation of temperature amplitude variation varied for each season, according to the domain size and vegetation state of the designed experiments. In general, the activation of dynamic vegetation in a smaller domain did not necessarily provide an improvement to the model’s simulation of the amplitude of temperature during DJF and MAM seasons. However, the integration of dynamic vegetation in a more extensive domain in PRESd2 experiment improved on the amplitude variations of temperature during MAM and JJA seasons.



The wet and dry biases along the coast and over the continent may be attributed to the choice of convective scheme employed in the model configuration. For instance, the integration of Emanuel’s scheme over the ocean assumed quasi-equilibrium, which can lead to the immediate stabilization of convective clouds in the environment as soon as large-scale processes destabilize it. This mechanism enhanced more precipitation and thereby resulted in overestimation of precipitation. Another assumption in the scheme is that mixing within clouds is highly episodic and inhomogeneous. Thus, convective fluxes are considered an idealized model of sub-cloud-scale updrafts and downdrafts. On the contrary, the Grell scheme which was applied to the land surface, assumed no mixing between the cloud and the environment, except at the top and bottom of the circulation, with no entrainment or detrainment along the clouds’ edges.



The seasonal variation of precipitation’s amplitude was simulated in PRES, PRESd1, and PRESd2 experiments, and are presented in Figure 9. All three historical climate experiments exhibited strong pattern correlations for precipitation in all of the seasons, irrespective of the domain size or vegetation state. However, the amplitude of variation was overestimated in all of the seasons, except for the MAM season. During the MAM season, the three historical experiments performed reasonably well in the representation of the amplitude of variation in precipitation, with a normalized standard deviation approximately equal to one and a strong correlation. Generally, the PRESd1 experiment showed the most outstanding performance with a high correlation (R = 0.85) and normalized standard deviation closest to observation during the MAM season.



The magnitude and position of the African Easterly Jet (AEJ), Tropical Easterly Jet (TEJ), and monsoon flow in August are presented in Figure 10. A simulated vertical cross section of the monsoon flow, AEJ, TEJ in August was compared with Era-Interim reanalysis data. At the lower levels, Era-Interim showed the monsoon flow below 800 hPa in areas within 0–20° N, while the Harmattan winds were observed north of 20° N. At the mid-tropospheric levels of 700 hPa, the core of the AEJ (9 m/s) was centered at 15° N, while at the TEJ was located at 200 hPa with a magnitude of 15 m/s centered at 10° N. The occurrence of the AEJ has been linked to meridional surface moisture and the temperature gradient between the Sahara and equatorial Africa [68], while the TEJ is linked to upper-level outflow from the Asian monsoon. The model simulated a small monsoon flow for PRES, PRESd1, and PRESd2 which spanned from 2° N and terminated between 18° N to 20° N. The Harmattan winds were well simulated over areas north of 20° N, in all the three historical climate simulations. However, the model underestimated the strength of the AEJ at 700 hPa by about 3–4 m s−1 and also displaced the core of the JET further northward (e.g., PRES was centered at 20° N; PRESd1 and PRESd2 were centered at 18° N; Era-Interim was centered at 15° N). Similarly, the strength of the TEJ at 200 hPa was grossly underestimated by about 8–9 m s−1 in PRES, PRESd1, and PRESd2. The model’s underestimation of both AEJ and TEJ contributed to another source of biases in the simulation of temperature and precipitation. On the other hand, the stronger vertical motions simulated between 4° N and 10° N could be associated with the broader maximum precipitation bands simulated along this zone.




3.2. Projected Future Climate over West Africa Using Prescribed and Dynamic Vegetation


This section presents results of projected future climate change over West Africa as simulated by FUTU, FUTUd1, and FUTUd2 experiments using both prescribed and dynamic vegetation. The differences obtained from the results of future and historical climate simulations provide information on the impact of greenhouse gases (GHG) under RCP 4.5 on some of the simulated climate variables such as precipitation, temperature, winds, evapotranspiration, specific humidity, relative humidity, and sensible heat flux over West Africa. The spatial distribution of the projected future changes in precipitation (Figure 11), temperature (Figure 12), and winds (Figure 13) across West Africa are non-homogeneous in all seasons. The projection of widespread warming across most parts of West Africa persisted in each of the three future climate simulation experiments (FUTU, FUTUd1, and FUTUd2). An increased future warming of 0.5 °C occurred along the coastal and orographic regions (e.g., Guinea Mountains, Cameroon Mountain, and Jos Plateau in Nigeria) during the JJA season, which increased by more than 2 °C further inland during DJF, MAM, and SON seasons (Figure 11). The three different future climate projections agreed to a warmer (increase of 2 °C) climate over the western Sahel zone from March to May (MAM). FUTU, FUTUd1, and FUTUd2 all projected the most significant decrease in precipitation (more than 2 mm/day) over most parts of Liberia and Sierra Leone in JJA and SON (Figure 12). The model projected an increase or decrease of about 1 mm/day in other parts of West Africa all year round. The wetter condition over these areas corresponded with the enhancement of the westerlies north of 14° N in JJA (Figure 13), but the drying condition appeared not to correspond to the changes in the wind circulation over this region. It is somewhat linked to the influence of other local processes or boundary conditions from the driving global climate model.



The further analysis of future changes in other surface variables (besides temperature and precipitation) is presented in Figure 14. FUTU simulated warmer future climates in all months, but the least warming (an increase of 0.5 °C) occurred south of latitude 12° N from July to September. With FUTUd1 and FUTUd2, the lowest warming of 1 °C was found south of 8° N from January to December. The three simulations projected a precipitation decrease of more than 2 mm/day over areas south of 8° N in March and October in the FUTU experiment, but were more pronounced from July to August in FUTUd1 and FUTUd2 experiments. The magnitude and latitudinal distribution of changes in evapotranspiration varied among the three simulations. The future latitudinal changes in the distribution of evapotranspiration in the three future experiments appeared to agree jointly with each other, except that FUTUd2 was drier (Figure 13g,i). On the other hand, the projected future increase in atmospheric moisture all year round (Figure 14j,l) over most parts of West Africa was not sufficient to enhance precipitation due to the projected decrease in relative humidity all year round (Figure 14m,o). There was a substantial agreement between the two dynamic vegetation simulations in the projection of an increase in sensible heat flux in all months (Figure 14p,r).




3.3. Impact of Different Percentages of Trees, C3, and C4 PFTs Cover on the Future Climate of West Africa


Evaluation of the impacts of the different percentages of tree and crop cover on the future climate of West Africa was assessed. The results obtained due to the modification of the percentage of trees/shrubs or crops cover was compared to the experiments with a prescribed vegetation state. These provided information on the potential future climatic changes due to the practice of agri-silviculture over West Africa. This section focuses mainly on the projected changes in the future climate over West Africa due to the numerically designed agri-silviculture experiments carried out in this study.



Agri-silviculture numerically designed experiments (GUSAG) along the Guinea Savannah zone of West Africa reduced the projected future warming by about 0.5–3 °C in most countries (e.g., Ghana, Cote d’Ivoire, Cameroon, Togo, Benin Republic, and Nigeria) located along this zone (Figure 15), with the exception of Liberia and Sierra Leone, which exhibited intense warming of about 3 °C. Drier conditions persisted over the coasts of Sierra Leone, Liberia, Cote d’Ivoire, and Ghana, with a precipitation decrease of up to 3 mm/day. However, a projected increase in precipitation of about 3 mm/day occurred along the coast of Nigeria. There were no further pronounced changes in precipitation or temperature in areas outside the designated zone of the GUSAG experiment. This suggests that the prescribed vegetation cover in the GUSAG experiment has the potential to exacerbate the projected warming and drying over most parts of Liberia and Sierra Leone, which could also intensify the drying along the coasts of Sierra Leone, Liberia, Cote d’Ivoire, and Ghana. Similar experiments were carried out in GUSAGd1 and GUSAGd2 with dynamic vegetation, but different domain sizes produced a different signal for temperature and precipitation patterns. The different signal exhibited by the dynamic and prescribed vegetation simulations of the agri-silviculture experiments arose from the satisfaction of the bioclimatic limit conditions before the establishment or survival of the specified PFTs. For instance, in the GUSAGd1 experiment, changes in temperature were not much pronounced in all seasons, but drying of about 1 mm/day occurred along the coasts of Togo, Benin, and Nigeria during the JJA season. Similarly, a sporadic increase in precipitation of about 1 mm/day (Figure 16) was induced in the inland parts of Nigeria, coastal parts of Cote d’Ivoire, Gambia, Senegal, Guinea-Bissau, and Liberia. An increase in the domain size of the GUSAGd2 experiment produced some noticeable changes outside and within the designated zone of the experiment. Warming of about 0.5 °C was enhanced over Senegal, Mauritania, Mali, Burkina Faso, and some parts of Niger during the JJA and SON seasons, but cooling of about 0.4–2 °C occurred over Chad, Cameroon, and north eastern parts of Nigeria in all seasons (Figure 15). The induced cooling corresponded to the increased precipitation (0.5 to 3 mm/day) during JJA and SON in areas south of 12° N and within 8° E to 16° E. However, widespread drying (0.5 to 3 mm/day) was projected in areas south of 12° N and within 15° W and 10° E during JJA and SON. Therefore, the climate mitigation potential of the GUSAGd2 agri-silviculture experiment appeared stronger and favorable over Cameroon, and the north eastern parts of Nigeria and Chad.





4. Conclusions


Agri-silviculture is expected to provide a win-win solution for the impacts of climate change in West Africa by acting as a mitigation and adaptation strategy. However, there is limited information on its impact on the regional climate vis-à-vis temperature or precipitation. Its potential role as an adaptation and mitigation option to enhance food security and contribute to the reduction of accumulated atmospheric greenhouse gases was examined in this study. This was achieved using different percentages in cover of broadleaf deciduous trees/shrubs, C3, and C4 PFTs. The numerically designed experiments of land cover sensitivity were carried out using a regional climate model. The results obtained from the study are hereby summarized.



The RegCM4 model simulations, driven by the HadGEM2-ES global climate model, reasonably simulated the spatial distribution of temperature and precipitation fields over West Africa. However, the model exhibited cold and dry biases, which were reduced in the dynamic vegetation simulation. Other features of the West African Climate System, such as the ITCZ, AEJ, TEJ, and the monsoon flow were fully captured by the model simulations despite underestimating the strength of the Jets.



Spatial distribution of broadleaf deciduous trees, C4, and C3 grasses at 30%, 60%, and 10%, respectively, along the modified PFTs zone, reduced future warming over West Africa, except for Liberia and Sierra Leone. The influence of these PFTs exacerbated the dry conditions over most areas along the modified PFTs zone. Therefore, it is recommended that similar agri-silviculture experiments be carried out over the study area using regional climate models with dynamic vegetation capabilities and forced by two or more different GCMs. This will provide more robust information on the degree of uncertainties in the models, and will also suggest the most suitable drought-tolerant tree-crop for the region. However, before embarking on large-scale agri-silviculture practice, more biophysical measurements of its effects on the local climate should be carried out.
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Figure 1. Topography in meters for the (a) smaller Africa domain and (b) larger CORDEX Africa domain. The rectangular box indicates the region of interest in West Africa. 
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Figure 2. Percentage cover of the prescribed Plant Functional Types (PFTs) over West Africa in the Community Land Model version 4.5 (CLM4.5). (a) Tropical broadleaf evergreen tree; (b) tropical broadleaf deciduous tree; (c) temperate broadleaf deciduous shrub; (d) C4 grass; (e) C3 arctic grass; (f) C3 grass; and (g) bare soil. 
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Figure 3. Comparison between the model’s default and the modified percentage cover of broadleaf deciduous trees (a,b); C3 grass (c,d); and C4 grass (e,f) in GUSAG, GUSAGd1, and GUSAGd2 experiments. 
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Figure 4. Time-latitude cross section of surface (2 m) temperature (°C; upper row) and precipitation (mm/day; bottom row), averaged between 15° E to 15° W for the years (1980–2004) over West Africa as observed in the Climate Research Unit (CRU) and ERAIN (first column) and simulated (prescribed vegetation, second column; dynamic vegetation in smaller Africa domain, third column; dynamic vegetation in CORDEX domain, fourth column). The corresponding surface position of the continental Inter-Tropical Convergence Zone (ITCZ) in ERAIN and the model simulations are represented by thick continuous lines, while thin dashed lines indicate the onset of monsoon precipitation by an isohyet of 5 mm/day. 
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Figure 5. (a) Spatial distribution of mean seasonal precipitation (mm/day) and 925 hPa wind (m/s) averaged for the years 1980–2004. First column: CRU and Era-Interim wind; Second column: Prescribed vegetation simulation; Third column: Dynamic vegetation simulation in a smaller Africa domain; Fourth column: Dynamic vegetation simulation in CORDEX Africa domain. (b) Spatial distribution of mean seasonal surface temperature (°C) and 925 hPa wind (m/s) averaged for the period 1980–2004. First column: CRU and Era-Interim wind; Second column: Prescribed vegetation simulation; Third column: Dynamic vegetation simulation in a smaller Africa domain; Fourth column: Dynamic vegetation simulation in CORDEX Africa domain. 
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Figure 6. (a) Spatial distribution of surface temperature biases (Model minus CRU: °C) for each season in RegCM4 prescribed vegetation simulation (first column), dynamic vegetation simulation in a smaller Africa domain (second column), and dynamic vegetation simulation in CORDEX Africa domain (third column), average for the period 1980–2004. (b) Spatial distribution of precipitation biases (Model minus CRU: mm/day) for each season in RegCM4 prescribed vegetation simulation (first column), dynamic vegetation simulation in a smaller Africa domain (second column), and dynamic vegetation simulation in CORDEX Africa domain (third column), averaged for the period 1980–2004. 
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Figure 7. Simulated changes in PFTs between the years 1980 and 2004. Tropical broadleaf evergreen tree (a,b); tropical broadleaf deciduous tree (c,d); and C4 grass (e,f). The upper row represents the PRESd1 experiment, and the lower row represents the PRESd2 experiment. 
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Figure 8. Taylor’s diagram showing the correlation and normalized standard deviation of simulated and observed temperatures (°C). The standard deviation and correlation are computed for (a) DJF; (b) MAM; (c) JJA; and (d) SON seasons for the period 1980–2004. 
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Figure 9. Taylor’s diagram showing the correlation and normalized standard deviations of simulated and observed precipitation (mm/day). The standard deviations and correlations are computed for (a) DJF; (b) MAM; (c) JJA; and (d) SON seasons for the period 1980–2004. 
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Figure 10. The vertical structure of the zonal winds (m/s) averaged between 10° E and 10° W over West Africa in August for (a) Era-Interim reanalysis; (b) PRES; (c) PRESd1; and (d) PRESd2 experiments. The shadings indicate the corresponding vertical component of the wind (ω, units: Pa/s). 
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Figure 11. Projected future changes in temperature (°C; 2030–2054 relative to 1980–2004). The first column shows the projection from RegCM4 prescribed vegetation simulations; the second column shows the dynamic vegetation simulations in a smaller Africa domain; and the third column shows the dynamic vegetation simulations in the CORDEX Africa domain. 
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Figure 12. Projected future changes in precipitation (mm/day; 2030–2054 relative to 1980–2004) as indicated in RegCM4 prescribed (FUTU) and dynamic vegetation (FUTUd1 and FUTUd2) experiments. 
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Figure 13. Projected future (RCP 4.5; 2030–2054 relative to 1980–2004) seasonal changes in the wind (m/s) from both prescribed (FUTU) and dynamic vegetation (FUTUd1 and FUTUd2) experiments. The arrows show the changes in wind direction, while the color shadings indicate the magnitude of the changes in the wind at 925 hPa. 
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Figure 14. Latitude-time future changes (2030–2054 minus 1980–2004) in surface (2 m) temperature (°C; a–c); precipitation (mm/day; d–f); evapotranspiration flux (mm/day; g–i); specific humidity (g/Kg; j–l); relative humidity (%; m–o); and sensible heat flux (W m−2; p–r) using prescribed vegetation (FUTU) and dynamic vegetation experiments (FUTUd1 and FUTUd2). The values are zonal averages between 10° E and 10° W over West Africa. 
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Figure 15. Projected future seasonal changes in temperature (°C; 2030–2054 minus 1980–2004) over West Africa due to agri-silviculture practices along the Guinea Savanna zone simulated in the GUSAG, GUSAGd1, and GUSAGd2 experiments. 
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Figure 16. Projected future seasonal changes in precipitation (mm/day; 2030–2054 minus 1980–2004) over West Africa due to agri-silviculture practices along the Guinea Savanna zone simulated in the GUSAG, GUSAGd1, and GUSAGd2 experiments. 
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Table 1. Bioclimatic requirements for PFTs in dynamic vegetation simulation *. Coldest minimum monthly air temperature for the survival of previously established PFTs (Tc min); warmest minimum monthly air temperature for the establishment of new PFTs (Tc Max); minimum annual growing degree days above 5 °C for the establishment of new PFTs (GDD min).
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	Plant Functional Types (PFTs)
	Tc Min (°C)
	Tc Max (°C)
	GDD Min





	Tropical broadleaf deciduous tree
	15.5
	No limit
	0



	C4
	15.5
	No limit
	0



	C3
	−17.0
	15.5
	0



	C3 arctic
	No limit
	−17.0
	0



	Temperate broadleaf deciduous shrub
	−17.0
	No limit
	0



	Tropical broadleaf evergreen tree
	15.5
	No limit
	0







* Adapted from Table 22.1 [34].
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Table 2. Summary of model configurations used in this study.
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Model Aspects

	
Model Options






	
Radiative transfer

	
Modified CCM3 (Kiehl et al., 1996)




	
Planetary boundary layer (PBL)

	
Modified Holtslag (Holtslag et al., 1990)




	
Cumulus convection

	
Grell with Fritsch and Chappell closure scheme over land




	
MIT scheme over the ocean




	
Resolved scale precipitation

	
Sub-grid explicit moisture scheme (SUBEX)




	
Land surface scheme

	
CLM4.5 (prescribed and dynamic vegetation)




	
Ocean fluxes

	
Zeng ([52])




	
Initial and boundary conditions data

	
HadGem2-ES




	
Horizontal grid

	
160 × 192 (gridpoint resolution = 50 km)




	
250 × 192 (CORDEX domain; gridpoint resolution = 50 km)




	
Vertical layers

	
18 levels




	
Analysis period

	
1980–2004 (Historical climate)

2030–2054 (Near future: RCP4.5 Scenario)
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Table 3. Summary of RegCM4.4 numerical experimental set-ups.
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	Experiments
	Brief Description
	Modified PFTs
	Modified Zones





	PRES
	Historical climate simulation (1979–2004) using fixed percentage cover of PFTs (Figure 2a,g) over a smaller Africa domain (Figure 1a).
	None
	None



	PRESd1
	A similar experiment as PRES, but with the activation of dynamic vegetation. Hence, the establishment or survival of the model’s default PFTs (Figure 2a,g) depends on the fulfillment of the conditions in Table 1.
	None
	None



	PRESd2
	A similar experiment as PRESd1 but integrated over a larger CORDEX-Africa domain (Figure 1b).
	None
	None



	FUTU
	Future climate simulation (2029–2054; RCP4.5) using fixed percentage cover of PFTs (Figure 2a,g) over smaller Africa domain.
	None
	None



	FUTUd1
	A similar experiment as FUTU but activates dynamic vegetation capability of the model according to the conditions presented in Table 1.
	None
	None



	FUTUd2
	A similar experiment as FUTUd1 but integrated over a larger CORDEX-Africa domain.
	None
	None



	GUSAG
	Future climate simulation (2029–2054) using fixed percentage cover of the PFTs in Figure 3b,d,f over smaller Africa domain. The modification of the PFTs occurs along West Africa Guinea Savanna zone.
	The percentage cover of broadleaf deciduous trees, C4, and C3 grasses are modified and fixed at 30%, 60%, and 10%, respectively.
	6° N to 12° N; 15° W to 20° E



	GUSAGd1
	A similar experiment as GUSAG but with the activation of dynamic vegetation according to the conditions in Table 1.
	The initial percentage cover of broadleaf deciduous trees, C4, and C3 grasses are at 30%, 60%, and 10%, respectively.
	6° N to 12° N; 15° W to 20° E



	GUSAGd2
	A similar experiment as GUSAGd1 but integrated over a larger CORDEX-Africa domain.
	The initial percentage cover of broadleaf deciduous trees, C4, and C3 grasses are at 30%, 60%, and 10%, respectively.
	6° N to 12° N; 15° W to 20° E











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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