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Abstract

:

Due to their close relationship with atmospheric chemical composition and global impacts on ecosystems, it is of crucial importance to determine rain chemical composition and quantify wet deposition. In this study, we characterized the chemical composition of precipitation at one rural and two urban sites in Côte d’Ivoire along a south-north transect. Annual and monthly Volume Weighted Mean (VWM) concentration of major ions, as well as wet deposition fluxes in rainwater samples from Abidjan, Korhogo (urban sites), and Lamto (rural site), have been calculated. We also simulated air mass back-trajectories and generated satellite maps of burnt fraction and nitrogen species emissions (NH3, NO2) to better analyze our results. Results show that the dominant ion at both urban sites is Ca2+, whereas NH4+ dominates the chemical content of the Lamto rural site. The analysis of atmospheric sources of influence shows that urban sites rains are characterized by a mixture of terrigenous continental and anthropogenic sources (39–33%), as well as a high marine contribution (34–24%) and a significant nitrogenous contribution (18–25%) mainly associated to fossil fuel from road traffic, domestic and biomass burning sources. At the rural Lamto site, marine, terrigenous, and nitrogenous contributions represent, respectively, 14%, 25%, and 30%. The average pH values are, respectively, 5.76, 5.31, and 5.57 for Abidjan, Lamto, and Korhogo, with a preponderance of mineral acidity contribution at the urban sites, while the organic acidity contribution dominates in Lamto. Neutralization factor (NF) of mineral and organic acids calculations revealed that Ca2+ and NH4+ are the most important neutralizing ions in the rain at all three sites, and we estimated that 79% to 87% of the rain acidity is neutralized by alkaline compounds.
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1. Introduction


Atmospheric deposition represents a key mechanism in anthropogenic impacts on the environment. Atmospheric deposition includes wet and dry processes and is the major removal pathway of atmospheric pollutants and thus contributes to the earth-atmosphere biogeochemical balance [1,2,3,4]. Limiting anthropogenic impacts on atmospheric deposition is considered fundamental for addressing several sustainable development goals, such as food security, climate change, human health, and biodiversity [3,5,6]. The study of deposition processes and the determination of deposition fluxes is important for understanding the spatial and temporal evolution of the atmosphere’s chemical composition and of the biogeochemical cycles of elements such as nitrogen, carbon, and sulfur. Biogeochemical cycles are strongly affected by anthropogenic activities, and atmospheric deposition can act as a source of nutrients but also as a source of toxins [7,8,9].



Wet deposition plays a key role in removing both gaseous and particulate pollutants from the atmosphere and thus influences atmospheric chemistry [7,8]. Rain chemical composition provides insights into the evolution of the chemical atmosphere composition, and it is influenced by numerous factors, including the type and strength of natural/anthropogenic sources of atmospheric compounds, long-range transport, the origin of continental air masses, as well as removal processes related to the intensity and temporal distribution of rainfall patterns [2,9,10]. Investigation of rainwater chemistry at a regional representative urban site in southern India revealed that the ionic composition of rainwater in the region is more influenced by terrestrial sources than anthropogenic and marine sources [11]. Rainwater samples were collected at five locations in the Pune region, an urban area in the southwestern part of India, from 2006 to 2009 [12]. The chemical analysis of these samples demonstrated the strong contribution of soil dust as well as an influence from marine and anthropogenic sources in that area. A long-term analysis of European precipitations from 2000 to 2017 [10] showed that the rainwater composition is mostly controlled by anthropogenic sources. Therefore rainfall composition is useful for understanding the direct impacts of air pollution on ecosystems and is also an important indicator in the determination of pollution levels in urban areas [11,12,13]. Lack of accurate descriptions of deposition processes and thorough evaluation with high-quality measurements remain major weaknesses of global deposition modeling. This is particularly true in tropical regions, which are often affected by a convective rainfall regime and where long-term, high-quality data on deposition are scarce [2,3,6].



In this context, the most recent study is the global assessment of precipitation chemistry and deposition carried out under the auspices of the World Meteorological Organization (WMO)—Global Atmospheric Watch (GAW) program, Geneva, Switzerland [2]. The conclusion of that assessment led to some recommendations to address major gaps and uncertainties in global ion concentrations and deposition measurements. One of these recommendations emphasizes the lack of measurements in tropical regions and the weakness of the spatial coverage in different continents such as South America, parts of India, and Africa [2,3].



The assessment recognized the importance of the unique long-term quality-controlled database in Africa provided by the International Network to study Deposition and Atmospheric chemistry in Africa (INDAAF, https://indaaf.obs-mip.fr (accessed on 26 April 2023) even though the number of measurement stations remains low. The INDAAF program, initiated in 1994, aims to study atmospheric composition and wet and dry deposition fluxes in Africa.



Many syntheses studies representative of rural sites along an eco-systemic transect (dry savannas, wet savannas, forests) have been published [1,8,9,14,15]. These works have characterized precipitation chemistry and deposition in African rural areas, but, to our knowledge, few studies consider African urban areas. In the context of the rapid urbanization and demographic explosion in Africa, especially in Côte d’Ivoire, where the percentage of the national population living in urban areas is expected to increase to 60% by 2025 and exceed 70% by 2050 [16], it is important to improve the understanding of urban atmospheric composition and the potential impacts of air pollution on developing countries’ megacities [17].



The present study proposes to establish the characteristics of the chemical composition of precipitation and the deposition fluxes of two urban areas and one rural area in Côte d’Ivoire, together representative of a continental south-north transect. This work was carried out within the framework of the Air Pollution and Health in Urban Areas program (PASMU) implemented in 2018 and the INDAAF program. The goals of this study are: (1) to document a three-year time period (2018–2020) the rainwater chemical composition and the deposition fluxes of soluble ions, including concentrations of major ions, variation of pH, concentrations of sea salts, neutralizing capacity of precipitation, and ion enrichment factors, (2) to provide a better understanding of ion sources contribution and the climatology that influence annual, seasonal and monthly precipitation content. This study offers a baseline record for urban sites in African cities against which future changes in emissions and potential environmental impacts can be evaluated and responds to international recommendations that emphasize the scarcity of deposition measurements on the African continent, recognized at a global scale to be a continent faced with major environmental sustainability issues [18,19].




2. Materials and Methods


2.1. Sites Description


This study considers three measurement sites, two urban and one rural, located along a south-north transect in Côte d’Ivoire (Figure 1). The two urban sites, Abidjan and Korhogo, have been selected and studied in the framework of the PASMU program and are, respectively, located in the south and north of Côte d’Ivoire. The modes of transportation, the types of fuel used by households, and the population density make it possible to distinguish and characterize both of these urban sites. In Côte d’Ivoire, southern cities are generally more populated and industrialized than those in the north, as Abidjan’s population is 10 times larger than Korhogo’s [20].



The first urban site Is located in Abidjan (5°20′43′′ N; 4°1′27′′ W), which is a metropolitan area on the south-east coast of Côte d’Ivoire and considered to be the economic capital of the country, Abidjan is the largest city in Côte d’Ivoire with a population over 4,707,404, which is approximately 20% of the entire country’s population, and a surface area of 2119 km2 [21]. This city is an autonomous district divided into 13 districts. The sampling site was on the rooftop of the Institut de Recherche et de Développement (IRD) building (Figure 1), which is in the suburb of Cocody, in the vicinity of the University Felix Houphouet Boigny. Major pollution sources in the city are fossil fuel combustion from the traffic of motorized vehicles, residential coal burning, open waste burning, and some emissions from industrial activities flaring [20,22]. Ref. [23] estimated that the national fleet of vehicles was 636,551 in 2016, with 80% of them in Abidjan (498.531 vehicles).
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Figure 1. Locations of the three measurement sites on the Abidjan-Lamto-Korhogo transect: (a) map of climatic subdivision in Cote d’Ivoire adapted from [24]; (b) map of ecoregions subdivision in Côte d’Ivoire; (c) Korhogo; (d) Lamto; (e) Abidjan. 
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The second urban site is located in the city of Korhogo (9°28′ N; 5°36′51′′ W), which is situated in the north of Côte d’Ivoire, approximately 635 km from Abidjan in the savannas district (Figure 1c). Korhogo is spread over an area of 12.50 km2 and has a population of 243,048 inhabitants, according to the last population census in 2014 [21]. Korhogo is strongly influenced by agricultural activities, even though it is an urban area. According to [25], Korhogo is the epicenter of the cotton and cashew culture boom, which is dependent on fertilizers and pesticides for crop production. Considering urbanization and industrialization, Korhogo is far from the level of megacities such as Abidjan, although it has recorded substantial population growth since the political crisis in 2002, resulting in an increase of the city area from 3300 ha in 2000 to 10,000 ha in 2019 [26]. The mode of transport is dominated by two-wheeled vehicles. This trend is also observed at the level of public transport with the emergence of motorcycle cabs, “Taxi-motos”, which constitute one of the main means of transportation since the prohibition of four-wheeled taxi vehicles [27].



The third sampling site, Lamto, represents a super-site of the INDAAF project and is located in the central part of the country, at the tip of the “V Baoule”, which represents an ecological zone of transition between the forest and the savanna ecosystem (Figure 1d). Lamto (6°13′ N, 5°02′ W) is located in the Agnéby-Tiassa region, in the Tiassalé department, about 165 km north-west of Abidjan and 433 km south-east of Korhogo. It is in a natural reserve that covers approximately 2600 ha and is representative of a soudano-guinean wet savanna with the so-called gallery forest along the Bandama River [28].




2.2. Meteorological Quantities


Meteorological quantities from 2018 to 2020 (monthly temperature and relative humidity) were provided by the SODEXAM (Society of Exploitation and Airport Development, Aeronautics, and Meteorology) for Abidjan and Korhogo, as well as long-term rainfall databases for the periods 1980–2020 and 1990–2020, respectively. From 2018 to 2020 in Abidjan, we used rainfall data measured by the EVIDENCE project (Extreme rainfall events, vulnerability to flooding, and water contamination), and data are available at the following address: http://www.evidence-ci.org/ (accessed on 26 April 2023). The project has installed a rain gauge collocated with the rain sampler. It is composed of a tipping bucket rain gauge (0.5 mm tilting of the bucket) and a Précis Mécanique ® (rain interception cone 1.5 m from the ground and with a surface area equal to 400 cm2). Tipping bucket dates (day, month, year, hour, minute, second) are recorded in a HOBO Pendant® UA-003-64 data logger. In Korhogo, we used rainfall data reported by the SODEXAM. The rain gauge data were collected monthly. At the Lamto site, the INDAAF long-term monitoring program provides air temperature, humidity, and rainfall data for the studied period [29].




2.3. Sample Collection


Precipitation sampling at the three sites was performed using a semi-automatic collector of precipitation designed for the INDAAF network (http://indaaf.obs-mip.fr (accessed on 26 April 2023)). The instrument, as well as the sampling protocols, have been fully described in several studies [1,8,9].



The rain sampling protocol follows the WMO/GAW international standards recommendations [30]. After collection, samples are stored in a freezer to stop any chemical reaction and sent for analysis at the Laboratoire d’Aerologie (LAERO) in Toulouse (France). Chemical analysis is performed no later than 6 months after sampling. Table 1 presents the annual total precipitation (Pt) in mm, the percent total precipitation (%TP), and the interannual variability as a percentage relative to the mean annual rainfall for the 1980–2020 period, 1998–2020 period, and 1990–2020 period, respectively, for Abidjan, Lamto, and Korhogo.



As defined by [30], (%TP) is the ratio between annual precipitation (Pt) and collected precipitation (Pc). Annual and quarterly Percent Coverage Length (%PCL) is an indicator of the representativity of the sampled period. From April 2018 to December 2020 in Abidjan, the total and collected rainfall were 4426.8 mm and 3119.5 mm, respectively, with a total of 221 collected rain samples. In Lamto, from January 2018 to December 2020, the total and collected rainfall were 3700.5 mm and 3525 mm, respectively, with a total of 239 rain samples. In Korhogo, from May 2018 to December 2020, the total and collected rainfall was 3406.2 mm and 2391.45 mm, respectively, with a total of 143 rain samples.



The %TP shows that rainwater collection is not representative of 2018 in Abidjan and Korhogo (56% and 64%, respectively). Lamto presents a good collection representing all the years (%TP 90–99%). In reference to the WMO international standards, we assume that precipitation collection at Abidjan, Lamto, and Korhogo in 2019 and 2020 can be considered representative of the studied period (PCL = 100%) (Table 1). Annual volume weighted mean (VWM) and Wet deposition fluxes (WD) will be thus calculated only for 2019, 2020, and the mean period 2019–2020. Data from January 2018 to December 2020 will be used to calculate monthly Volume Weighted Mean (VWM) and Wet Deposition (WD) according to the quarterly %PCL (Table 1).




2.4. Analytical Procedures and Quality Assurance/Quality Control


Major inorganic (Na+, K+, Mg2+, Ca2+, Cl−, NO3−, SO42−, NH4+) and organic carboxylic acids ions (HCOO−, CH3COO−, C2H5 COO−, C2O42−) were determined by Ionic Chromatography (IC) as described in [9,14]. The IC analysis is performed using a Thermo ICS5000+ and an ICS 1100 Ionic chromatograph with two automated samplers (AS50) (Thermo Fisher Scientific, Waltham, MA, USA). The eluents for anions and cations are NaOH and MSA (methanesulfonic acid), respectively. Certified ionic standards from SCP SCIENCE are used for IC calibration. pH is measured with an ATI Orion 350 pH-meter with a combined electrode (ATI Orion model 9252) (Thermo Electron Corporation, Horsham, UK) filled with KCl (4 M) and saturated with AgCl. Two standard solutions (WTW) at pH 4.01 and 7.00 are used for its calibration. The precision is 0.01 pH unit.



Data quality is further ensured by calculating the ionic balance [30]. Analyses were performed on 221 rain samples collected in Abidjan, 239 rain samples collected in Lamto, and 143 rain samples collected in Korhogo (Table 1). Results indicate that 94, 98, and 89% of the rain samples collected in Abidjan, Lamto, and Korhogo, respectively, are in the WMO acceptance range and will be considered in all the calculations presented in the result sections.




2.5. Satellite Data


We used version 1.6 of the CrIS-Fast Physical Retrieval (CFPR)-NH3 satellite product [31,32]. The product compares well with in situ and ground-based FTIR observations. For this study, only daytime observations from 2018 to 2020 are used. Note that observations for April–July 2019 are not available due to instrument errors. We used level 3 (L3) data at 0.25° × 0.25° resolution from the NASA tropospheric NO2 standard product from the Ozone Monitoring Instrument (OMI) (Dutch Space and TNO Science & Industry (formerly TNO-TPD) in The Netherlands, in co-operation with Finnish subcontractors VTT and Patria Finavitec, Netherlands). OMI is a nadir-viewing spectrometer in a sun-synchronous orbit with near-daily global coverage that measures solar backscatter in the UV-visible range [33]. For our analyses of satellite retrievals over Abidjan, Lamto, and Korhogo, we selected observations centered around the 0.25° grid cell containing each site to create a 1° field of NO2 or NH3 Vertical Column Densities (VCDs). The average over this 1° grid cell was used as an estimate of VCDs over the site.




2.6. Calculations and Statistics


Volume Weighted Mean (VWM) concentrations in µeq L−1, Wet Deposition fluxes (WD) for all ionic species in kg ha−1 yr−1, Sea Salt Fraction (SSF) and Non-Sea Salt Fraction (NSSF) to ionic concentrations, potential Acidity (pA), Fractional Acidity (FA) and the Neutralization Factor (NF) were calculated using Equations (S1)–(S10) presented in the Supplementary Materials (S4).




2.7. Back Trajectories


In order to determine the impact of air masses on the chemical composition of collected rainwater samples, the air mass trajectories history for each site for the entire sampling period was determined by calculating back trajectories with the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (version 4.8, [34]) using the National Weather Service’s (NWS) National Centers for Environmental Prediction model data (NCEP, available at www.ready.noaa.gov/archives.php (accessed on 26 April 2023)). Hourly-arriving 96-h back trajectories were calculated at three arrival heights, 100, 1500, and 2500 m, respectively, above ground level. These individual back trajectories were then superimposed, in order to generate monthly or seasonal overlay back trajectories for the study period, on a frequency map with a 0.2° × 0.2° resolution grid to show the statistical distribution [35].





3. Results and Discussion


3.1. Sites Climatology


The West African climate is highly dependent on the Intertropical Convergence Zone (ITCZ) position, which is the limit between a cool and humid marine air mass (Monsoon) and a warm and dry Saharan air mass (Harmattan). This climate is largely influenced by the ITCZ variability at the regional scale in Côte d’Ivoire. Indeed, the extreme latitudinal positions of ITCZ in January (5°N) and in August (22°N) divide the country into three distinct climatic zones: the Northern, the Central, and the Coastal Climatic zones [36] (Figure 1a). Abidjan, Lamto, and Korhogo are located, respectively, in the coastal, central, and northern climatic zones, and pluviometric regimes depend on the climatic zones [37].



Abidjan is characterized by a bimodal rainfall regime defined by two wet seasons and two dry seasons. A long-wet season that lasts from March to July and a short-wet season from October to November. The long dry season lasts from December to February, and the short dry season from August to September (Figure 2c) [38]. Abidjan is characterized by a first rainfall maximum in May and a second in October (Figure 2c).



Lamto has a mild, warm, and wet climate. We also distinguish two wet seasons and two dry seasons: a long wet season extends from March to July, mainly influenced by monsoon air masses, and a long dry season from December to February, influenced by the Saharan air masses (harmattan) [29]. The short dry and wet seasons are limited to the month of August and from September to November, respectively (Figure 2b). Korhogo is characterized by a unimodal rainfall regime with a single wet season from April to October and a single dry season from November to March (Figure 2a). Korhogo belongs to the tropical regime of transition, characterized by a maximum rainfall in August.



Annual mean air temperature and relative humidity over the study period in the transect Abidjan-Lamto-Korhogo are, respectively, 27.30 ± 1.10 °C and 80 ± 3.89%, 28.98 ± 1.10 °C and 77.05 ± 5.53% and 27.00 ± 0.08 °C and 60 ± 0.81% (Figure 2a–c). Temperature ranged from 25.3 ± 0.20 °C in August to 28.65 ± 1.85 °C in March, from 27.15 ± 0.21 °C in August to 31.48 ± 0.25 °C in February, and from 25.2 ± 0.30 °C in August to 29.50 ± 0.26 °C in April, respectively, in Abidjan, Lamto, and Korhogo (Figure 2a–c).



The rainfall Annual Inter variability Index (AII) is defined as:


AII = (Pi − Pm)/σ,



(1)







Pi (mm) is the cumulative rainfall for a year, Pm (mm) and σ are, respectively, the mean and the standard deviation of the annual rainfall observed for a given series. This index allows for characterizing the general patterns of precipitation over the study period [39] (Figure 2). The degree of drought is a function of the precipitation index (AII). Index intermediate values are classified as follows: high humidity (1 < AII < 2), moderate humidity (0 < AII < 1), moderate drought (−1 < AII < 0), and strong drought (−2 < AII < −1).



The AII index calculation based on the annual rainfall database ranged from 784 mm in 2001 to 3338.9 mm in 1990 for the period 1980–2020 in Abidjan, from 991.9 mm in 2014 to 1548.5 mm in 2007 for the period 1998–2020 in Lamto and from 866.7 mm in 2015 to 1612 mm in 2010 for the period 1990–2020 in Korhogo.



According to the classification of [40], in Abidjan, over the 41 years, 20 years are in excess while 18 years are in deficit, and 3 years have values close to the mean rainfall (1522 ± 518 mm). The AII index analysis over the studied period shows that 2020 (AII = +0.14) is a moderately wet year, while 2018 (AII = −0.08) and 2019 (AII = −0.31) are moderately dry years. In Lamto, over the 23 years, 8 years are in excess, while 13 years are in deficit, and 2 years have values close to the mean rainfall (1229 ± 165 mm). The AII index analysis over the studied period revealed that 2019 (AII = +1.7) could be considered as a strongly wet period, while 2018 (AII = −0.8) and 2020 (AII = −0.8) are classified as moderately dry years. Finally, in Korhogo, over the 31 years, 12 years are in excess, whereas 18 years are in deficit compared to the mean rainfall of 1187 mm, and 1 year has a value close to the mean rainfall (1187 mm ± 179). AII index analysis over the studied period revealed that all three years are in deficit, with (AII) index values of −0.14, −0.15, and −0.58, respectively, and can be considered as moderately dry periods.




3.2. Chemical Composition of Rainwater and Wet Deposition Fluxes


Annual Volume Weighed Mean (VWM) concentrations and Wet Deposition fluxes (WD) computed for the two-year sampling period (2019–2020) as well as Monthly Volume Weighed Mean (VWM) concentrations and Wet Deposition fluxes variation (2018–2020) along the south-north transect Abidjan-Lamto-Korhogo are presented respectively in Table A1 and in Figure S2. In Abidjan, the chemical signature of rainwater is characterized by the following ion concentrations in decreasing order: Ca2+ > Cl− > Na+ > NH4 > SO42− > tcarb > NO3− > Mg2+ > HCOO− > CH3COO− > K+ > H+ > C2O42− > C2H5COO−. Ca2+, Na+, Cl−, and NH4+ dominate and represent 62% of the rainwater total VWM ionic concentrations. In Lamto, VWM concentrations of ions follow a global pattern in the decreasing concentration order: NH4+ > HCOO− > Ca2+ > NO3− > CH3COO− > H+ > Cl− > Na+ > SO42− > Mg2+ > K+ > tcarb > C2O42− > C2H5COO− and we found that NH4+, HCOO−, Ca2+, and NO3− are dominant, representing 55% of the total VWM ionic concentrations. In Korhogo, the general chemical pattern in the decreasing concentration order is: Ca2+ > NH4+ > Na+ > HCOO− > NO3− > Cl− > K+ > CH3COO− > SO42− > H+ > Mg2+ > tcarb > C2O42− > C2H5COO−. Ca2+, NH4+, Na+, and HCOO− are found to be dominant and represent 53% of the total VWM ionic concentrations. The mean annual total ionic load is estimated to be 191.20 µeq L−1, 84.26 µeq L−1, and 111.75 µeq L−1 for Abidjan, Lamto, and Korhogo, respectively. These results demonstrate that the urban precipitations are much more loaded compared to the rural area of Lamto.



3.2.1. Marine Contribution


Sea-salt fractions (SSF), non-sea-salt fractions (NSSF), and enrichment factors (EF) for K+, Cl−, Mg2+, SO42+, Ca2+ ions were calculated according to the methodology outlined in (Equations (S4), (S6) and (S7)) and presented in Table A2. For the three studied sites, Cl−/Na+ ratios were close to the sea-salt ratio of reference [39], and EFs were close to 1, showing that Cl− is almost 100% marine, assuming that most of the sodium is from a marine source [41]. Na+ and Cl− generally originate from sea salt associated with oceanic air masses [42]. Na+ and Cl− are highly correlated (r = 0.94; 0.82; 0.83) (Figure S1) in Abidjan, Lamto, and Korhogo, respectively, and suggest that both ions are mainly of marine origin. Mg2+/Na+ ratios calculated in Abidjan and Korhogo are close to the seawater reference value, and EF values are equal to 1. This result suggests a marine origin of Mg2+ at Abidjan and Korhogo. This result is supported by the strong correlations coefficients calculated between Mg2+ and Na+, and Mg2+ and Cl−, respectively, (0.82) and (0.94) for Abidjan, and (0.64) and (0.62) for Korhogo (Figure S1).



SSF and NSSF calculations indicate that for Abidjan and Korhogo, 81% and 75% of Mg2+ are from a marine origin and that 19% and 25% are from non-marine sources. Lamto also presents a Mg2+/Na+ ratio above the seawater reference value with an EF value close to 2, indicating an additional non-marine contribution. SSF and NSSF Mg2+ fractions are estimated to be 35% and 65%, respectively. In addition, we found that Mg2+ and Ca2+ are highly correlated (r = 0.92) (Figure S1), indicating a possible terrigenous origin. SO42−/Na+, K+/Na+, and Ca2+/Na+ ratios in rainwater at all sites were found to be higher than seawater ratios values and correspond to EF values well above 1. These high ratios and EF values indicate potential contributions from anthropogenic and crustal sources in addition to the marine source [43]. SSF and NSSF calculations show that SO42− at Abidjan, Lamto, and Korhogo is mostly of non-marine origin, with contributions of 85%, 90%, and 84%, respectively. Marine fractions for Cl−, SO42−, K+, Ca2+, and Mg2+ were estimated to be approximately 94%, 15%, 13%, 3%, and 81%, respectively, at Abidjan, 92%, 10%, 5%, 2%, and 35%, respectively, at Lamto, and 100%, 16%, 3%, 2%, and 75%, respectively, at Korhogo (Table A2). The total marine contribution to the total ionic content for the three sites was computed using the following equation:


Marine = [Na+] + SSF[Cl−]+ SSF[Mg2+] + SSF[Ca2+] +SSF[K+] +SSF[SO42−].



(2)







The total marine contribution is estimated to be 65.69 µeq L−1, 11.59 µeq L−1, 25.46 µeq L−1 representing a contribution of 34% in Abidjan, 14% in Lamto and 24% in Korhogo (Figure 3). The strong marine contribution in Abidjan is likely to be related to the coastal location of the city, resulting in a strong influence of monsoon air masses loaded with sea salt. Similar conclusions are described in several studies [44,45] where high concentrations of Na+, Cl−, and Mg2+ were attributed to the ocean proximity. We found that Lamto records the lowest marine contribution. To analyze these results, air mass origins have been studied using back trajectory calculations from the NOAA HYSPLIT model over the study period 2017–2020 at 1500 m of altitude (Figure 4).



Results clearly indicate that monsoonal oceanic air masses coming from the Guinean Gulf rich in sea-salt aerosols influence Abidjan, Lamto, and Korhogo (Figure 4c,f,i). This influence is more intense in Abidjan, with a higher percentage of oceanic back trajectories (Figure 4c) compared to Lamto (Figure 4f). Despite its northernmost position and its greater distance from the coast, we found that Korhogo is significantly influenced by the marine source. Air mass back trajectories show that Korhogo is influenced both by oceanic air masses coming from the south and from the northwest border. This double contribution could explain the importance of marine source contribution in Korhogo rainfall chemical content (Figure 4i). This monsoonal oceanic influence is much greater in wet seasons than in dry seasons.



In West and Central Africa, convective rainfalls generally show a marine signature related to the boundary layer chemical content and a terrigenous signature from atmospheric levels above the boundary layer affected by continental air masses [8]. Hot and dry continental air masses originating from a high-pressure system above the Sahara Desert give rise to dusty Harmattan air masses over most of West Africa from November to February, and in summer, moist equatorial air masses originating from the Atlantic Ocean bring annual monsoon rains [46]. Our results clearly identify these two chemical signatures during the monsoon season along the studied south-north transect represented by the Abidjan, Lamto, and Korhogo sites.




3.2.2. Terrigenous Contribution


Table A3 presents the calculations of SO42−, Mg2+, K+, and Cl− ratios and crustal enrichment factors (EF) outlined in (Equations (S5)–(S7)) assuming that Ca2+ is 100% of crustal origin. SO42−/Ca2+ ratio values for the three sites are higher than the reference ratio value, and their EF values are well above 1. This result confirms that SO42− in the rain could be explained by marine, crustal, and some potential additional sources. We hypothesize that urban site rainfall at Abidjan and Korhogo could be influenced by SO42− of anthropogenic origin. SO42− and NO3− often result from anthropogenic emissions in urban areas [47], and their concentrations in the two urban sites are higher than in Lamto (Table A1). In addition, we note that Abidjan presents higher SO42− concentrations (19.50 µeq L−1) compared to the other two sites. Using the ratio SO42−/NO3− could allow us to distinguish mobile sources, such as traffic sources, and stationary sources, such as industry [10,48]. SO42−/NO3− ratio at Abidjan is 1.87, which suggests the leading role of stationary sources, e.g., industry or charcoal-burning emissions from domestic combustion [49,50]. In addition, high contents of sulfur in vehicles fuels used in West Africa and particularly in Côte d’Ivoire could explain high VWM SO42− concentrations [51]. Bahino et al. [52] have shown that SO2 air concentration has three possible sources in Abidjan, i.e., traffic, domestic fire, and waste burning, with traffic as the main contributor. Nevertheless, SO42− concentration in Abidjan precipitation is lower by a factor 2 or 3 than those recorded in megacities such as Hong Kong, Jiaozhou Bay (China), and New Delhi (India) [46,53,54] (Table 2).



Korhogo has an SO42−/NO3− ratio equal to 0.58, less than 1, illustrating the relative importance of NO3− emissions compared to SO42−. This result corroborates other rain chemical characteristics established at Korhogo, which is considered a moderately industrialized city. In Abidjan, the importance of anthropogenic emissions compared to the two other sites is explained by the level of population density, urbanization, and industrialization.



K+/Ca2+ ratios are below the reference crustal value, and EF values are above 1 for all three sites. In addition, K+ and Ca2+ are highly correlated (r) with values of 0.79, 0.70, and 0.73 (Figure S1), respectively, at Abidjan, Lamto, and Korhogo. These results indicate a possible terrigenous origin of K+. The NSSF K+ fraction was found to be 87%, 96%, and 97% at Abidjan, Lamto, and Korhogo, respectively (Table A3). High correlation coefficients (r) between Cl− and K+ with (0.75), (0.71), and (0.86) are found, respectively, at Abidjan, Lamto, and Korhogo could suggest a potential K+ origin from biomass combustion, which is known as a source of KCl [65]. Since submicronic particulate K+ is considered to be an atmospheric tracer of biomass combustion [66,67], in the urban context of Abidjan and Korhogo, we assume that the household fires burning using charcoal are a source of K+, whereas, in Lamto, biomass burning of vegetation is likely to be the main source of K+.



Calculations of SSF and NSSF Mg2+ and EFs indicate that the terrigenous contribution of this ion is limited to 19% at Abidjan and 25% at Korhogo, while it represents 65% at Lamto, with a strong correlation between Ca2+ and Mg2+ (r = 0.92) (Table A3, Figure S1). NSSF Ca2+ are 97%, 98%, and 98%, respectively, at Abidjan, Lamto, and Korhogo (Table A3). Ca2+ displays high correlations® with SO42− (0.86), (0.76), (0.91), Mg2+ (0.81), (0.92), (0.91) and K+ (0.79), (0.70), and (0.73), respectively, at Abidjan, Lamto, and Korhogo (Figure S1). We found that Ca2+ is the most important ion in rainwater chemical composition measured at Abidjan and Korhogo with a concentration of 38.30 µeq L−1 and 20.09 µeq L−1, respectively (Table A1). At Lamto it represents the third most important ion with a concentration of 9.91 µeq L−1. Ca2+ predominance in the rain at the urban sites (Abidjan and Korhogo) could be explained by the contribution of multiple sources. In Abidjan, the expansion of construction activities involved cement production, which represents a potential source of Ca2+ particles [68,69,70]. In addition, soil particle resuspension from road dust can also contribute to the precipitation Ca2+ content [55,71,72,73]. We analyzed Hysplit air mass back-trajectories at specific dates (Abidjan: 10 April 2020, Lamto: 6 March 2020, Korhogo: 28 March 2019) representative of Ca2+ VWM concentrations peaks of 555 µeq L−1, 231 µeq L−1 and 164 µeq L−1 for Abidjan, Lamto, and Korhogo, respectively (Figure 5). At the transition between the dry and the wet season (March–April), we observe that northeast air masses coming from the Saharan desert at 2500 m of altitude heavily loaded with dust particles rich in terrigenous chemical components affect all three sites. The scavenging of these particles by rainy events at the seasonal transition explains the high VWM Ca2+ concentrations recorded in rainwater at the three sites at the beginning of the wet season.



The terrigenous signature identified at African sites emphasizes the direct influence of soil dust on rainfall [4]. High concentrations of calcium during the dry season are due to dust particles coming from northeast warm and dry desert air masses (Figure 4b). The North African desert areas (Sahel and Sahara) are probably the most important mineral aerosol source [74,75], and when the monsoon sets in, North East Harmattan air masses heavily loaded in soil dust terrigenous components are transported over the continent. The partial dissolution of soil dust, rain is loaded with dissolved calcium and carbonates composed of calcite, dolomite, gypsum, and also illite, smectite, or palygorskite explains the enrichment of Ca2+, SO42−, Mg2+, and K+ in rainwater [76].



This result is similar to those obtained in other African ecosystems [1,8,9,14,77] and other regions of the world, including Asia [78]. In Korhogo, located in the northern climatic zone, we assume that Ca2+ terrigenous contribution is primarily related to Saharan dust transport [75] (Figure 4h). Lamto rains present the lowest total Ca2+ VWM concentration (9.91 µeq L−1) over the studied transect and the lowest terrigenous contribution. This result is in agreement with that of [15] (9.20 µeq L−1). Lamto, located in the climatic center zone, appeared to be less influenced by the harmattan air masses (Figure 4d,g). We compared concentrations in the rain established in Côte d’Ivoire with other results in the rest of the world (Table 2). Abidjan, Lamto, and Korhogo record a Ca2+ VWM concentration lower than cities such as New Delhi (India) (80.88 µeq L−1), Limeira (Brazil) (54.88 µeq L−1), and Ankara (Turkey) (71.40 µeq L−1) [12,54,62] but higher than those of Florianopolis, Brazil (7.98 µeq L−1) and Newark (USA) (6.00 µeq L−1) [56,64]. Our study demonstrates that highly urbanized and industrialized cities with dense demography, such as the megacity of Abidjan, will tend to have higher Ca2+ and SO42− concentrations as a result of industrial activities, vehicle emissions (including road resuspension) and other emissions related to urban activities [58]. The medium-sized city of Korhogo, less urbanized and industrialized than Abidjan, and the rural wet-savanna site of Lamto are more influenced by continental air mass transport from African deserts.



The total terrigenous contribution is estimated according to the equation:


NSSF[Ca2+] + NSSF[Mg2+] NSSF[K+] + NSSF[SO42−] + tcarb.



(3)







We found a total of 74.21 µeq L−1, 21.61 µeq L−1, and 37.25 µeq L−1 that contribute to 39%, 25%, and 33% of the total ionic content, respectively, for Abidjan, Lamto, and Korhogo (Figure 3). We must specify that the so-called terrigenous contribution in this study represents a mixture of terrigenous and anthropogenic sources in urban areas, whereas, at the rural site of Lamto, it represents a mixture of terrigenous and biomass-burning sources (Figure 3). Abidjan and Korhogo present higher deposition fluxes of terrigenous ionic compounds such as calcium with annual mean WD of 11.32 ± 6.27 kg ha−1 yr−1 and 4.50 ± 2.07 kg ha−1 yr−1, respectively. Ca2+ WD in Lamto is lower, with a mean annual value of 2.59 ± 0.31 kg ha−1 yr−1.




3.2.3. Nitrogenous Contribution


The nitrogenous contribution, defined as the sum of ammonium and nitrate VWM concentrations [NH4+] + [NO3−], is, respectively, estimated to be 33.70 µeq L−1, 25.12 µeq L−1, and 26.47 µeq L−1 and represents 18%, 30% and 25% of the total precipitation composition at Abidjan, Lamto, and Korhogo, respectively (Figure 3). Abidjan’s rainfall composition exhibits the weakest nitrogenous contribution despite its highest VWM concentrations of nitrogenous species (VWM NH4+ = 22.60 µeq L−1 (68%) and VWM NO3− VWM = 11.10 µeq L−1 (32%)). In the context of urbanization and demographic growth, the development of fossil-fuel combustion from road traffic and domestic combustion may play an important role in NH3 and NO2 emissions [79]. Similarly, [53] state that NO2 gas emissions in Abidjan have two distinct sources: (i) the limited traffic of garbage collection vehicles and the circulation of minibuses called “Gbaka”, which connect the city center to the suburbs, and (ii) industrial activities. In contrast, they strongly linked NH3 gas emissions to biomass burning (firewood and charcoal) as a source of energy by most households and emissions from waste burning in Abidjan.



Lamto exhibits the highest nitrogenous contribution, representing one-third of its rainfall composition (71% NH4+ and 29% NO3−). High NH4+ concentration could be explained by the rural features of Lamto, such as bacterial decomposition of urea in animal excreta and emissions from natural or fertilized soils by agriculture activities, which are both sources of NH3 [14,80]. As noted by [81], agricultural activity contributes to substantial NH3 gas emissions, resulting from the use of large quantities of fertilizers and plant phytosanitary products to increase rubber and cocoa harvest yields around Lamto. Savanna fires and household fuelwood burning are also primary sources of NH3 [82]. Strong correlations (r) of SO42− with both NH4+ (0.72) and NO3− (0.77) (Figure S1) indicate that NH4+ is related to multiphase reactions in the atmosphere. Most of the time, ammonia exists in multiple forms of aerosols in the atmosphere as (NH4)2SO4, NH4HSO4, NH4NO3, and NH4F [83,84]. The relatively low NO3− VWM concentration measured at Lamto could be explained by low biogenic NOx emissions, according to [85]. Further, [9] propose that NO3− in rainwater could be the result of gas-phase transformations of NOx to HNO3, followed by a reaction with NH3 to form NH4NO3.



Nitrogenous concentration values measured at Lamto in this study for the period 2019–2020 are in the same range as those found in the study of [15] from 1995–2002, with 17.6 µeq L−1 of NH4+ and 7.7 µeq L−1 of NO3−. The nitrogenous contribution at the Korhogo site represents the second most important contribution to the rain chemical content. NH4+ is dominant (71%) compared to NO3− (29%). This result is likely related to the combined rural and urban characteristics of Korhogo, which allow a mixture of sources. NH4+ concentrations are likely related to both the emissions of NH3 from household charcoal burning [84,86], as well as biomass burning and the use of N-fertilizer in agriculture around Korhogo [8,14,86]. Adon et al. [87] reported maximum nitrogenous gas concentrations in West and Central Africa in dry season months. Monthly mean CrIS NH3 and OMI NO2 vertical column densities (VCDs) and MODIS burned area fraction from January 2018 to December 2020 confirm the highest NH3 and NO2 concentrations. They are related to active emission sources in the dry season at all sites, especially at Lamto, with values ranging from 2.42 × 1016 to 4.53 × 1017 molecules NH3 cm−1, 1.32 to 12.91 × 1015 molecules NO2 cm−2 and from 0.75 to 35.91% of the burned area burned highlighting the importance of biomass burning source in Lamto compared to the two studied urban sites (Figure S3). SO42−/NO3− ratio value of 0.58 in Korhogo may indicate a substantial mobile source contribution [88]. It is worth recalling that two-wheeled vehicles are predominant in Korhogo and could be a possible source of NO2 gases [27].



VWM concentrations of nitrogenous species (NH4+, NO3−) measured in this study are smaller than values of cities such as Sao Paulo, Brazil (37.10, 20.00 µeq L−1); New Delhi, India (31.81, 25.17 µeq L−1) and Jiaozhou Bay, China (107, 62.90 µeq L−1) [46,54,61], and are slightly higher than the value of the West African rural site of Djougou in Benin (14.30, 8.20 µeq L−1) [9] (Table 2). Thus, NH4+ VWM concentrations in Côte d’Ivoire and in Benin are largely lower than those recorded in urban areas such as in Brazil or in China, where urbanization, fossil fuel consumption, and intensive agriculture surroundings cities are more significant [60].



In the two rural wet savannas, INDAAF sites of Lamto in Côte d’Ivoire and Djougou in Benin, VWM NH4+ concentrations are mainly attributed to livestock breeding, biomass burning, and, to some extent, agricultural activities [84,89]. Nitrogen is considered to be an important source of nutrients in ecosystems; however, levels above a certain critical load, which depends on the specific ecosystem, can be considered to be contributing to pollution and eutrophication of the environment [90,91]. We have computed total annual nitrogen wet deposition fluxes for the three sites, finding values of 7.01 kgN ha−1 yr−1, 4.61 kgN ha−1 yr−1, and 4.18 kgN ha−1 yr1, respectively, for Abidjan, Lamto, and Korhogo. We may conclude that nitrogen WD fluxes in the megacity of Abidjan are relatively more important than in the rural area of Lamto and in the medium city of Korhogo. In addition, we emphasize that annual nitrogen wet deposition fluxes at the three sites are dominated by N-NH4+ with WD fluxes of 4.68 kgN ha−1 yr−1, 3.27 kgN ha−1 yr−1, and 2.73 kgN ha−1 yr−1, respectively. N-NO3− deposition flux values are lower by a factor of two, with values of 2.33 kgN ha−1 yr−1, 1.34 kgN ha−1 yr−1, and 1.45 kgN ha−1 yr−1, respectively, at Abidjan, Lamto and Korhogo. Nitrogen WD remains lower than the critical load, estimated to be 10 kgN ha−1 yr−1, which is defined as the highest load that will not cause chemical changes leading to long-term harmful effects on the most sensitive ecological systems [90,92]. We assess critical exceedances load-nitrogen species to measure the risk of eutrophication based on the empirical method, and we may conclude that the three sites are not exposed to potential risks for the moment. However, further investigations need to be undertaken to assess total nitrogen deposition, including both wet and dry deposition processes as well as organic nitrogen compounds [93].




3.2.4. pH and Acid Contribution


Mean pH measurements for the three studied sites over the period 2018–2020 are given in Table A1, while Figure 6 presents the pH frequency distribution.



The mean pH is 5.76 ± 0.59, 5.31 ± 0.32, and 5.57 ± 0.30, respectively, at Abidjan, Lamto, and Korhogo. Mean VWM H+ concentrations, calculated from annual mean precipitation pH, are estimated to be 4.1 ± 0.10 µeq L−1, 6.57 ± 0.04 µeq L−1, and 4.09 ± 1.7 µeq L−1 at Abidjan, Lamto, and Korhogo, respectively (Table A1). The reference pH of rainwater is 5.6 representing the pure acidity of water in equilibrium with atmospheric CO2 concentration [94,95]. Acid rain is defined as rain with a pH below the threshold of 5.6 [96]. Results show that 51% of the 173 Abidjan rain events present an acidic pH lower than 5.6, while 49% have an alkaline pH > 5.6. At Lamto, precipitation is mainly acidic, with 81% of the 148 rainfall samples having a pH value below 5.6. At Korhogo, precipitation was slightly acidic, with 59% of the 83 rainfall samples having measured pH values below 5.6. This result is similar to the study of [97], where rural areas recorded higher acidity of precipitation (pH = 5.54 ± 0.39) compared to urban areas (pH = 5.77 ± 0.26). Abidjan precipitations presented a pH value comparable to cities such as Guiaba, Brazil (5.72), Lijiang City, China (6.07), and Ibuina, Brazil (6.23) [43,57,59], and Korhogo has a pH value similar to cities such as Limeira (5.62) [12] (Table 2). In comparison to other rural ecosystems, Lamto has a pH value close to Djougou (5.10) but lower than those of Sahelian sites such as Katibougou (5.54), Dahra (6.10), and Agoufou (6.28) [4].



The electrical conductivity (EC) of rainwater relies on total soluble components, and lower EC values reflect better atmospheric environmental quality [87]. Mean EC values of precipitation measured at Abidjan, Lamto, and Korhogo ranged from 0 to 169 µS cm−1, with means of 21.36 µS cm−1, 6 µS cm−1, and 5.9 µS cm−1, respectively. Based on this observation, EC rain characteristics emphasize the lower environmental quality of Abidjan, a polluted megacity, compared to Korhogo and Lamto.



The contribution of mineral acidity, mainly related to the incorporation of H2SO4 and HNO3, is 69%, 38%, and 52%, respectively, at Abidjan, Lamto, and Korhogo, while organic acids represent 31%, 62%, and 48% of acidity respectively, at each site. Abidjan and Korhogo are mainly influenced by mineral acidity, whereas Lamto shows a high organic contribution. These patterns observed at urban sites are comparable to measurements made in other African ecosystems, especially in South African dry savannas influenced by anthropogenic sources [43,98].



In Figure 3, the organic contribution is computed according to the following equation:


[HCOO−] + [CH3COO−] + [C2H5COO−] + [C2O42−]



(4)




with values representing %, 23%, and 16% of the source’s contributions to the chemical content of rainfall in Abidjan, Lamto, and Korhogo, respectively. The relatively low organic acidity in Abidjan is likely related to the fact that, in urban areas, anthropogenic activities are the main contributors to acid rain [97,99,100]. However, organic acids can be emitted in the urban environment, mainly from motorized vehicles. In the study of [101] in Abidjan, the most volatile organic compounds (VOC), which are precursors of organic acids [102], are attributed to domestic fires, landfill fires, and traffic sources. At Lamto, the high organic acidity contribution confirms results previously established by (56% organic and 44% mineral contributions) [15]. However, our study shows that the organic contribution has increased compared to the period 1995–2002 studied by [15].



The annual VWM concentration of HCOO−, CH3COO−, and C2O42− at Lamto are higher than at urban sites, especially for HCOO−. The organic acidity contribution in precipitation is mainly due to VOC emissions from biomass burning and from the vegetation in rural sites [1,2,102]. Growing vegetation in the wet season produces biogenic VOC emissions, which are an important source of organic acids and can explain the preponderance of HCOO− in the wet season at Lamto. Ref. [103] found similar results in China, with the highest organic acid concentrations in the rain during the growing season (wet season) than in non-growing seasons (dry season). Despite acidity in Korhogo being dominated by mineral acidity, there is a significant contribution from organic acidity. This configuration could be related to the specificity of Korhogo, which has some rural characteristics fostering a mixture of natural sources of VOC, such as emissions from biomass burning and vegetation, and from anthropogenic sources, such as motorized vehicles.



The Neutralization Factor (NF) of mineral and organic acids by bases such as anions (oxides, carbonates, or bicarbonates, etc.) associated with base cations such as Ca2+, NH4+, Mg2+, and K+ can be evaluated by using Equation S9 [72,104]. Abidjan presents NF values for Ca2+, NH4+, K+, and Mg2+ of 0.87, 0.41, 0.10, and 0.21, respectively, revealing that Ca2+ is the most important ion in neutralizing acidity, followed by NH4+. At Korhogo and Lamto, both Ca2+ (NF = 0.64 and 0.32) and NH4+ (NF = 0.57 and 0.58) ions are also the major ions that neutralize acids in rain. In Lamto, NH4+’s importance as the main neutralizing factor is emphasized, but strong correlations (r) between NH4+ and organic acids (HCOO−, CH3COO−, and C2O42−), respectively, equal to 0.92, 0.90, and 0.89 (Figure S1).



According to [77], who defined Potential acidity (pA) as the sum of potential acidic compounds in the form of mineral and organic acids, we compute pAs equal to 44.11 µeq L−1 at Abidjan, 31.40 µeq L−1 at Lamto, and 36.0 µeq L−1 at Korhogo. The measured acidity (4.10 µeq L−1, 6.57 µeq L−1, and 4.09 µeq L−1) is lower by a factor of 3 to 10 compared to computed pA. In order to explain this gap, we assess the balance between neutralization and acidification processes in rainwater chemistry by using Equation S10. We computed fractional acidity (FA) to evaluate neutralizing strength of acidifying compounds [105]. Average FAs for the period (2019–2020) at Abidjan, Lamto, and Korhogo are estimated to be 0.11, 0.21, and 0.13, respectively. It indicates that 89%, 79%, and 87% of the rain acidity has been neutralized by alkaline substances at Abidjan, Lamto, and Korhogo, respectively. Consequently, neutralization processes explain the differences between potential H+ and measured acidity in precipitation collected over Côte d’Ivoire’s sites.






4. Conclusions


This paper documents rain chemical composition and associated wet deposition of major ionic species along a North-South transect in Côte d’Ivoire. This study presents original results over a three-year time period at two urban sites (Abidjan and Korhogo) inter-compared with a rural wet savanna site (Lamto). The mean precipitation chemical content and wet deposition fluxes are computed at the annual (2019 and 2020) and at the monthly scale for the full studied period (2018–2020). Our study emphasizes that the urban rains are much more chemically loaded compared to the rural area of Lamto, with a mean annual total ionic load estimated to be twice as high in Abidjan than in Lamto. The dominant ion at both urban sites is Ca2+, whereas NH4+ dominates the chemical content of the Lamto rural site. At Abidjan and Korhogo, Ca2+, Na+, Cl−, NH4+ and Ca2+, NH4+, Na+, and HCOO−, respectively, dominate the total chemical content and represent 62% and 63% of the total. The rainwater chemical signature at the rural site of Lamto is dominated by NH4+, HCOO−, Ca2+, and NO3− ions, representing 55% of the total. The two urban sites’ rains are characterized by a terrigenous contribution characterized by a mixture of terrigenous continental and anthropogenic sources (39–33%), as well as a high marine contribution, 34% in Abidjan and 24% in Korhogo, and a significant nitrogenous contribution, 18% in Abidjan and 25% in Korhogo, mainly associated to fossil fuel from road traffic, domestic and biomass burning sources. At the rural Lamto site, marine, terrigenous, and nitrogenous contributions represent, respectively, 14%, 25%, and 30%. In addition to the high nitrogenous contribution related to biomass burning and agricultural sources, the site shows a strong organic acids component (23%) comparable to the one of Korhogo (16%). This original result has been associated with volatile organic compounds emissions from biomass burning and vegetation at the rural site and from domestic and landfill fires and traffic at the urban sites. Mean measured pH are, respectively, 5.76, 5.31, and 5.57 for Abidjan, Lamto, and Korhogo, indicating the importance of neutralization processes in urban rainwater chemistry. We found that the acidic contribution is mainly related to mineral acidity in the urban areas, whereas it is due to organic acidity in the rural site of Lamto. Our results at the monthly scale for the three sites showed a well-marked seasonality with higher ionic load during dry seasons compared to wet seasons. Conversely, wet deposition fluxes are maximum during the wet seasons. Considering the eutrophication of the environment through rainwater, significant wet deposition fluxes of nitrogen have been estimated to be 7.01 kgN ha−1 yr−1 (Abidjan), 4.61 kgN ha−1 yr−1 (Lamto), 4.18 kgN ha−1 yr1 (Korhogo).



There is a stronger rain chemical composition contrast between the urban and rural sites than between the urban sites located in different climate zones, submitted to different rain amounts and seasonality. This could, therefore, mean that the rain content of urban sites is more likely to be determined by local emissions than large-scale and climatic influences. This unique study on rainfall composition in urban sites represents a first step toward characterizing urban deposition fluxes and understanding the composition of the atmosphere in African cities. Quantifying urban key deposition elements, such as nitrogen, is important for closing the gap in the regional budgets of ionic species, which are necessary for policymakers to manage atmospheric inputs and outputs from local ecosystems. In the future, it will be necessary to quantify total dissolved nitrogen in order to better assess eutrophication through total wet deposition of nitrogen. In addition, it is important to note that wet deposition studies should be complemented by dry deposition process evaluation to assess the global deposition budgets to improve knowledge on the biogeochemical cycle balance, soil quality, and water quality and to improve global deposition models. There is a clear need for more long-term, quality-controlled, in situ measurements in African urban areas; Africa is a key continent of the future with regard to climate and environmental issues where national and international pollutants reduction directives should be taken.
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Table A1. Annual Volume Weight Mean (VWM) (µeq L−1) and wet deposition fluxes (WD) (KgX ha−1 yr−1) in rainwater in Abidjan, Lamto and Korhogo (Côte d’Ivoire).
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Species

	
Abidjan

	
Lamto

	
Korhogo




	
2019

	
2020

	
2019–2020

	
2019

	
2020

	
2019–2020

	
2019

	
2020

	
2019–2020




	
VWM

	
WD

	
VWM

	
WD

	
VWM

	
WD

	
VWM

	
WD

	
VWM

	
WD

	
VWM

	
WD

	
VWM

	
WD

	
VWM

	
WD

	
VWM

	
WD






	
H+

	
4.00

	
0.05

	
4.14

	
0.07

	
4.1 (±0.09)

	
0.06 (±0.01)

	
6.54

	
0.10

	
6.62

	
0.07

	
6.57 (±0.06)

	
0.09 (±0.02)

	
2.59

	
0.03

	
5.65

	
0.06

	
4.09 (±2.16)

	
0.05 (±0.02)




	
pH

	
5.57

	
-

	
5.89

	
-

	
5.76

	
-

	
5.24

	
-

	
5.38

	
-

	
5.31

	
-

	
5.70

	
-

	
5.40

	
-

	
5.57

	
-




	
Na+

	
19.00

	
5.93

	
30.95

	
11.34

	
26 (±8.43)

	
8.8 (±3.82)

	
4.46

	
1.55

	
6.82

	
1.73

	
5.41 (±1.67)

	
1.62 (±0.13)

	
16.65

	
4.45

	
2.40

	
0.60

	
11.24 (±10.08)

	
3 (±2.83)




	
NH4+

	
25.19

	
6.16

	
20.70

	
5.94

	
22.6 (±3.18)

	
6 (±0.15)

	
16.47

	
4.48

	
20.01

	
3.97

	
17.9 (±2.50)

	
4.20 (±0.36)

	
18.40

	
3.86

	
16.55

	
3.23

	
17.38 (±1.31)

	
3.50 (±0.54)




	
N in NH4+

	
19.64

	
4.80

	
16.14

	
4.63

	
17.63

	
4.68

	
12.84

	
3.49

	
15.60

	
3.09

	
13.96

	
3.27

	
14.35

	
3.01

	
12.90

	
2.51

	
13.55

	
2.73




	
K+

	
3.78

	
2.00

	
5.09

	
3.17

	
4.5 (±0.93)

	
2.62 (±0.83)

	
1.80

	
1.06

	
2.80

	
0.99

	
2 (±0.35)

	
1.02 (±0.05)

	
12.43

	
5.65

	
2.06

	
0.87

	
8.63 (±7.34)

	
3.80 (±3.52)




	
Ca2+

	
24.19

	
6.57

	
48.35

	
15.44

	
38.3 (±17.08)

	
11.32 (±6.27)

	
7.93

	
2.40

	
12.85

	
2.84

	
9.91 (±3.48)

	
2.59 (±0.31)

	
24.08

	
5.61

	
13.27

	
2.88

	
20.09 (±7.64)

	
4.50 (±2.07)




	
Mg2+

	
5.49

	
0.90

	
8.74

	
1.67

	
7.4 (±2.30)

	
1.31 (±0.55)

	
2.19

	
0.40

	
3.12

	
0.42

	
2.57 (±0.65)

	
0.40 (±0.01)

	
4.07

	
0.57

	
2.35

	
0.31

	
3.4 (±1.21)

	
0.50 (±0.20)




	
NO3−

	
8.79

	
7.39

	
12.77

	
12.62

	
11.1 (±2.81)

	
10.16 (±3.70)

	
6.26

	
5.86

	
8.63

	
5.89

	
7.22 (±1.67)

	
5.84 (±0.03)

	
10.72

	
7.73

	
6.97

	
4.68

	
9.09 (±2.65)

	
6.30 (±2.34)




	
N in NO3−

	
2.02

	
1.69

	
2.93

	
2.90

	
2.55

	
2.33

	
1.43

	
1.34

	
1.98

	
1.35

	
1.66

	
1.34

	
2.46

	
1.77

	
1.60

	
1.07

	
2.09

	
1.45




	
Cl−

	
24.40

	
11.74

	
37.44

	
21.18

	
32 (±9.22)

	
16.77 (±6.68)

	
4.76

	
2.55

	
7.27

	
2.84

	
5.77 (±1.77)

	
2.67 (±0.21)

	
13.71

	
5.66

	
2.44

	
0.94

	
9.57 (±7.94)

	
3.80 (±3.48)




	
SO42−

	
19.49

	
12.69

	
19.38

	
14.83

	
19.5 (±0.08)

	
13.76 (±1.52)

	
4.24

	
3.07

	
5.54

	
2.93

	
4.76 (±0.92)

	
2.99 (±0.10)

	
6.01

	
3.35

	
3.84

	
2.00

	
5.27 (±1.53)

	
2.80 (±1.04)




	
S in SO42−

	
6.43

	
4.18

	
6.39

	
4.89

	
6.43

	
4.50

	
1.39

	
1.01

	
1.82

	
0.96

	
1.57

	
0.98

	
1.98

	
1.10

	
1.26

	
0.66

	
1.73

	
0.92




	
* tCarb

	
7.17

	
2.99

	
17.04

	
16.57

	
12 (±4.01)

	
11 (±5.51)

	
2.29

	
1.73

	
3.50

	
1.93

	
2.78 (±0.80)

	
2.21 (±0.64)

	
5.17

	
0.06

	
2.52

	
0.67

	
4.54 (±1.87)

	
3.10 (±0.19)




	
HCOO−

	
5.57

	
3.48

	
7.76

	
5.70

	
6.80 (±1.55)

	
4.65 (±1.57)

	
9.74

	
6.76

	
14.12

	
7.16

	
11.51 (±3.10)

	
6.91 (±0.28)

	
8.71

	
4.66

	
11.18

	
5.57

	
9.97 (±1.75)

	
5.20 (±0.53)




	
CH3COO−

	
3.21

	
2.57

	
6.72

	
6.33

	
5.30 (±2.48)

	
4.57 (±2.66)

	
5.40

	
4.81

	
8.47

	
5.51

	
6.64 (±2.17)

	
5.11 (±0.49)

	
5.16

	
3.54

	
5.51

	
3.52

	
5.61 (±0.24)

	
3.70 (±0.10)




	
C2H5COO−

	
<LOD

	
-

	
<LOD

	
-

	
<LOD

	
-

	
<LOD

	
-

	
0.14

	
-

	
0.10 (±0.04)

	
-

	
<LOD

	
-

	
<LOD

	
-

	
<LOD

	
-




	
C2O42−

	
4.08

	
1.69

	
1.28

	
1.83

	
1.4 (±0.24)

	
1.89 (±0.60)

	
0.94

	
0.64

	
1.41

	
0.70

	
1.13 (±0.33)

	
1.33 (±0.04)

	
3.09

	
1.62

	
0.48

	
0.39

	
2.09 (±1.85)

	
1.10 (±0.19)








LOD (Limit of detection), * tcarb = total carbonates species calculated from this equation tcarb = 10(pH−5.505) [72].
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Table A2. Seawater Enrichment Factor (EF) of Cl−, SO42−, K+, Ca2+ and Mg2+ in rainwater of Abidjan, Lamto and Korhogo. Calculation of marine fractions (SSF) as a percentage of the reference ratio.
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Sites

	
Sea Water Ratios [39]

	
Cl−/Na+

	
SO42−/Na+

	
K+/Na+

	
Ca2+/Na+

	
Mg2+/Na+




	
1.167

	
0.121

	
0.022

	
0.044

	
0.227






	
Abidjan

	
Ratios in rain

	
1.23

	
0.75

	
0.17

	
1.47

	
0.28




	
EFMARINE

	
1

	
6

	
8

	
33

	
1




	
SSF (%)

	
94

	
15

	
13

	
3

	
81




	
Lamto

	
Ratios in rain

	
1.07

	
0.88

	
0.37

	
1.83

	
0.47




	
EFMARINE

	
1

	
7

	
17

	
42

	
2




	
SSF (%)

	
92

	
10

	
5

	
2

	
35




	
Korhogo

	
Ratios in rain

	
0.85

	
0.47

	
0.77

	
1.79

	
0.3




	
EFMARINE

	
1

	
1

	
35

	
41

	
1




	
SSF (%)

	
100

	
16

	
3

	
2

	
75
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Table A3. Crustal Enrichment Factor (EF) of Cl−, SO42−, K+, Ca2+ and Mg2+ in rainwater of Abidjan, Lamto and Korhogo. Calculation of non-sea-salt fractions (NSSF) as a percentage of the reference ratio.






Table A3. Crustal Enrichment Factor (EF) of Cl−, SO42−, K+, Ca2+ and Mg2+ in rainwater of Abidjan, Lamto and Korhogo. Calculation of non-sea-salt fractions (NSSF) as a percentage of the reference ratio.





	
Sites

	
Crustal Water Ratios [39]

	
Cl−/Ca2+

	
SO42−/Ca2+

	
K+/Ca2+

	
Mg2+/Ca2+




	
0.0031

	
0.0188

	
0.504

	
0.561






	
Abidjan

	
Ratios in rain

	
0.84

	
0.65

	
0.12

	
0.19




	
EFCRUSTAL

	
270

	
27

	
0.23

	
0.3




	
NSSF (%)

	
6

	
85

	
87

	
19




	
Lamto

	
Ratios in rain

	
0.58

	
0.48

	
0.20

	
0.26




	
EFCRUSTAL

	
26

	
26

	
0.1

	
0.5




	
NSSF (%)

	
8

	
90

	
96

	
65




	
Korhogo

	
Ratios in rain

	
0.44

	
0.93

	
0.28

	
0.61




	
EFCRUSTAL

	
141

	
49

	
0.26

	
1.1




	
NSSF (%)

	
0

	
74

	
97

	
25
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Figure 2. Monthly mean meteorological parameters measured at (a) Korhogo, (b) Lamto, and (c) Abidjan (2018–2020) (Air temperature (°C), Relative Humidity (0–100%), Rain depth (mm), note secondary axis for temperature); Annual Inter variability Index (AII) for (d) Korhogo (1990–2020), (e) Lamto (1998–2020) and (f) Abidjan (1980–2020). 
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Figure 3. Estimation of marine, nitrogenous, terrigenous, organic, and acidity contributions to rain chemical content along the Abidjan-Lamto-Korhogo transect (* terrigenous in this study represents a mixture of terrigenous and anthropogenic sources in urban areas, whereas in the rural Lamto site, it represents a mixture of terrigenous and biomass burning sources). 
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Figure 4. Overlay back-trajectory analyses for air masses arriving at the three sites for the study period (2017–2020) at 1500 m of altitude. (a,d,g): average back-trajectory for the whole studied period at Abidjan, Lamto, and Korhogo, respectively; (b,e,h): average dry seasons back trajectory at Abidjan (Dry months December–February ), Lamto (Dry months December–February), and Korhogo (Dry months December–February), respectively. (c,f,i): average wet seasons back-trajectory at Abidjan (Wet months May–July), Lamto (Wet months March–July), and Korhogo (Wet months July–September), respectively. 
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Figure 5. 96-h overlay back-trajectories initiated in (a) Abidjan (10 April 2020); (b) Lamto, (6 March 2020) and (c) Korhogo (28 March 2019). 
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Figure 6. Frequency distribution of pH values of Abidjan (a), Lamto (b), and Korhogo (c) rainwater for the study period. 
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Table 1. Rainwater collection at Abidjan, Lamto, and Korhogo (2018–2020): Annual Total Precipitation (Pt, mm), Interannual variability (%), Collected precipitation (Pc, mm), and Number of collected rain events (Nc), Percent total precipitation (%TP), Annual percent coverage length (%PCL) and in brackets: %PCL for each quarter (0 and 1 mean 0% and 100%, respectively).
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Sites

	
Abidjan

	
Lamto

	
Korhogo




	
Year

	
2018

	
2019

	
2020

	
2018

	
2019

	
2020

	
2018

	
2019

	
2020






	
Pt (mm)

	
1477.7

	
1355.4

	
1593.7

	
1090.9

	
1508.2

	
1101.4

	
1160.7

	
1162.5

	
1083




	
Interannual Variability (%)

	
−2.91

	
−10.94

	
4.71

	
−0.80

	
22.71

	
−10.38

	
−2.21

	
−2.06

	
−8.76




	
Pc (mm)

(Nc)

	
825

(56)

	
1006.20

(81)

	
1288.30

(84)

	
1077.60

(91)

	
1459.40

(70)

	
988

(78)

	
745.55

(48)

	
862.80

(52)

	
783.10

(43)




	
%TP (%)

	
56

	
74

	
81

	
99

	
97

	
90

	
64

	
74

	
72




	
Annual %PCL (%)

(quarterly)

	
75

(0,1,1,1)

	
100

(1,1,1,1)

	
100

(1,1,1,1)

	
100

(1,1,1,1)

	
100

(1,1,1,1)

	
100

(1,1,1,1)

	
75

(0,1,1,1)

	
100

(1,1,1,1)

	
100

(1,1,1,1)
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Table 2. Average Volume Weighed Mean (VWM; µeq L−1) concentrations in rainwater in Abidjan, Lamto and Korhogo, Côte d’Ivoire (this study) and other places in the world (adapted from [12]).
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	Sites
	Period
	n
	pH
	H+
	Ca2+
	Mg2+
	Na+
	K+
	NH4+
	HCO3−
	Cl−
	SO42−
	NO3−





	Limeira, Brazil (a)
	09/2013–03/2014
	30
	5.62
	2.40
	54.88
	17.40
	22.39
	5.68
	34.36
	20.13
	7.06
	15.54
	14.73



	Jiaozhou Bay, China (b)
	06/2015–05/2016
	49
	4.77
	16.90
	64.10
	21.90
	54.7
	17.20
	107.00
	–
	66.00
	93.70
	62.90



	Juiz de Fora, Brazil (c)
	2014
	53
	6.60
	0.40
	31.90
	13.80
	29.10
	16.00
	–
	8.50
	18.30
	3.00
	25.60



	Lijiang City, China (d)
	06/2012–11/2012
	176
	6.07
	0.85
	50.10
	10.90
	0.98
	2.01
	20.80
	–
	2.04
	23.70
	7.00



	Djougou, Benin (e)
	2006–2009
	530
	5.10
	6.46
	13.30
	2.10
	3.80
	2.00
	14.30
	–
	3.40
	6.20
	8.20



	Florianópolis, Brazil (f)
	08/2006–11/2006
	22
	4.97
	10.71
	7.98
	9.00
	59.80
	3.14
	–
	–
	56.94
	9.94
	15.18



	Ibiúna, Brazil (g)
	2006
	15
	6.23
	0.59
	114.00
	10.10
	37.70
	8.25
	56.70
	–
	21.20
	60.90
	21.80



	Delhi, Índia (h)
	2003–2005
	355
	6.39
	1.02
	80.88
	23.11
	24.35
	14.18
	31.81
	38.42
	29.52
	40.81
	25.17



	Porto Alegre, Brazil (i)
	2005–2007
	177
	5.30
	4.98
	22.40
	9.28
	18.40
	6.48
	35.30
	–
	16.10
	22.10
	3.95



	Guaíba, Brazil (j)
	01/2002–12/2002
	70
	5.72
	1.90
	8.41
	3.85
	11.10
	2.81
	28.10
	–
	6.98
	13.20
	2.47



	Ilha Grande, Brazil (k)
	03/2002–09/2002
	20
	5.22
	6.00
	9.20
	40.40
	142.20
	7.10
	9.90
	–
	178.20
	34.80
	12.00



	São Paulo, Brazil (l)
	01/2003–12/2003
	44
	5.39
	4.03
	21.60
	6.60
	8.64
	9.55
	37.10
	–
	9.29
	23.80
	20.10



	Ankara, Turkey (m)
	09/1994–12/1996
	162
	6.33
	1.60
	71.4
	9.30
	15.60
	9.8
	86.40
	
	20.40
	48.00
	29.20



	SouthernTaiwan (n)
	05/2005–12/2008
	402
	–
	
	53.40
	32.60
	97.10
	10.90
	50.20
	119.60
	63.10
	40.50
	15.70



	Newark, USA (o)
	2006–2007
	46
	4.60
	25.0
	6.00
	3.30
	10.90
	1.30
	24.40
	–
	10.70
	38.10
	14.40



	Hong Kong, China (p)
	10/1998–10/2000
	156
	4.20
	63.20
	16.20
	7.00
	36.90
	4.20
	22.00
	–
	42.40
	70
	27.60



	Abidjan, Côte d’Ivoire (*)
	2019–2020
	165
	5.76
	3.90
	25.00
	5.80
	21.50
	3.60
	19.01
	5.00
	24.30
	19.50
	8.70



	Lamto, Côte d’Ivoire (*)
	2019–2020
	146
	5.31
	6.57
	9.91
	2.57
	5.41
	2.00
	17.90
	1.50
	5.57
	4.76
	7.22



	Korogho, Côte d’Ivoire (*)
	2019–2020
	97
	5.57
	4.09
	20.09
	3.40
	11.24
	8.63
	17.38
	2.30
	9.57
	5.27
	9.90







n = number of samples. (a) [12], (b) [46], (c) [55], (d) [43], (e) [9], (f) [56], (g) [57], (h) [54], (i) [58], (j) [59], (k) [60], (l) [61], (m) [62], (n) [63], (o) [64], (p) [53], (*) (this study).
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