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1. INTRODUCTION

This study is carried out within the framework of the IDAF program (IGAC-DEBITS-AFRICA) which started
in 1994. This program has set up 10 measurement sites covering three types of ecosystems: dry
savannas (Niger, Mali, South Africa), wet savannas (lvory Coast, Benin) and equatorial forests
(Cameroon, Congo). It is in this context that, data from the Banizoumbou, Lamto and Zoetele stations
representing the African ecosystems of dry savanna, wet savanna and equatorial forest respectively, are
studied in this work. It is important to notify that multidisciplinary research has recently received
particular attention, mainly in arid and semi-arid environments where ecosystems are characterized by
low and discontinuous precipitations, high temperatures, periodic droughts with little vegetation.
Several studies on the chemical composition of precipitations have been carried out in tropical areas of
America Asia and Australia [1-6] and in tropical and equatorial areas of Africa [7-20]. These studies, on
the scale of Africa, highlight, on one hand, the existence and the influence of terrigenous, marine,
biogenic and anthropogenic sources and, on the other hand, quantify the flow of wet and dry
depositions, in relation to gas and particle sources [21].

To complement these works, long-term experimental data on rainwater collected in three large African
ecosystems are presented in this study. This aims to:



- study the evolution of the acidity of precipitations in West and Central African ecosystems;

- analyze the relative acidic contribution of mineral and gas phases in precipitations in order to
highlight the role of heterogeneous processes;

- compare the degree of acidity of precipitations along the three African ecosystems: dry savanna-wet
savanna-equatorial forest.

After the description of the measurement sites and the exposition of the data collection and chemical

analysis procedure, the results obtained in this work are presented.

2. MATERIALS AND METHODS

2.1 Presentation of measurement sites

The three IDAF study sites considered in this work are: Banizoumbou in Niger (dry savanna), Lamto in
Ivory Coast (wet savanna) and Zoetele in Cameroon (equatorial forest). They represent a transect of
african ecosystems. The geographic, ecological and climatic characteristics of these sites are presented
in Table 1. The dry savanna is characterized by a short rainy season extending from June to September,
while for the wet savanna and equatorial forest, the wet season extends respectively from April to
October and March to November. A detailed description of IDAF monitoring stations can be found in
Adon et al. [14].

These sites are located in undisturbed (rural) ecosystems dominated by gases and atmospheric particles
emission sources from biogenic degradation, terrigenous dust, biomass fires or animal and plant debris.
The sources of dry savanna are mainly terrigenous chemical compounds and nitrogen compounds, linked
to soil emissions and biogenic emissions from domestic animal waste. In wet savanna, the main
emissions come from biomass fires, soils, vegetation and domestic animals. For forest ecosystem, the
main sources come from vegetation and soils. The long-term measurements carried out on the three
sites complete the IDAF database allow the study of the impacts of environmental evolution in the broad
sense (climate, biogeochemical cycle, hydrology, health, etc.).

Table 1. Geographic, ecological and climatic characteristics of sites in West and Central Africa.

Ecosystem Sitte Location Climate Country

Latitude, Longitude

Dry savanna | Banizoumbou|13°31' N, 02°38'E Sahelian Niger
Dry season: October - May
Wet season: June - September
Wet savanna Lamto 06°13'N , 05°02' W Guinean Ivory Coast
Dry season: November - March
Wet season: April - October
Forest Zoetele 03°15'N, 11°53'E Equatorial Cameroon

Dry season: December - February

Wet season: March - Novamber

2. 2 Collection and chemical analysis procedure

2. 2. 1. Rainwater collection procedure

An automatic precipitation collector, specially designed for the IDAF network, is installed in the three
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sites in West and Central Africa. The latter collects precipitation with a high degree of cleanliness in a
single-use polyethylene bag, avoiding the deposition of aerosol before the start of the rain. A
precipitation sensor automatically controls the opening of the lid, which seals the polyethylene bag. The
surface area of the rain collec on is 225 cm?,

After each precipitation event, 50 cm® of the collected precipitation is sampled into 50 ml Greiner
tubes. Preservation of rainwater samples is an important issue due to microbial degradation that could
change its chemical composition. Rain samples containing 15 mg of biocide of thymol are kept in the
refrigerator before being transferred to the Toulouse Aerology Laboratory for analysis. More details on
sample conservation procedures are described by Gillett and Ayers [22].

2. 2. 2 Chemical analysis

The inorganic (Na*, NH4*, K¥, Mg?*, Ca?, Cl, NOs", S04%) and organic (HCOO-, CHsCOO", C.HsCOO", C,04%)
ions contained in the rain samples are determined by ion chromatography in aqueous phase. pH is
measured with an ATI Orion 350 instrument in combination with an electrode (ATl Orion model 9252)
filled with KCI (4M) and saturated with AgCl. Two standard solutions (WTW) at pH 4.01 and 7.00 are used
for its calibration leading to an accuracy of 0.01pH. More details on the analytical procedures are
described by Galy-Lacaux et al. [10] and Adon et al. [14].

The quality of measurements depends not only on sampling, but also on analysis and standardized
procedures. Since 1996, the Aerology Laboratory has participated in the quality control comparison
program organized twice a year by the World Meteorological Organization (WMO). According to the
results of the quality assurance program, the analytical precision is estimated to be 5% or better for all
ions, well below the uncertain es of all measured values presented here.

2.2.3 Methods of calculation

Seasonal volume-weighted mean (VWM) concentrations of ionic constituents in rainwater were
calculated using the following equation 1:

M (ueq.lh = =l ' 1

Where C; is the ionic concentration for each element in peq.L, P the quantity of precipitation for each
rain event in mm, and N the total number of samples.

The values of monthly mean concentra ons obtained for each ionic species made it possible to examine
their variation with the pH and to deduce the main causes of the acidic or basic nature of rainwater in
the three major African ecosystems: dry savanna (Banizoumbou), wet savanna (Lamto) and equatorial
forest (Zoetele).

3. RESULTS AND DISCUSSION

Figure 1 shows the pH frequency distribution for the three study sites. The results show that 84% of the
samples analyzed for Banizoumbou have an alkaline pH greater than 5.6 (pH = 5.6 being the
balance of atmospheric CO; in rainwater). On the other hand, 84% and 58% of the rainwater samples
analyzed for Lamto and Zoetele respectively are in the acidity range. These rates are in agreement with
the average pH values calculated for rainwater from these three sites. So, in Banizoumbou, the rains are
alkaline with a mean pH of 6.19. The mean pH values in Lamto and Zoetele are respec vely 5.24 and
5.45, reflecting the acidic nature of rainwater in these two sites where the density of vegetation is high.



Fig.1. Distribu on of rainwater pH values frequency at the three sites (a. Banizoumbou, b. Lamto and c.
Zoetele)

These pH values are significantly higher than those reported for the semi-arid South Africa savanna sites
of Amersfoort (pH = 4.35) and Louis Trichard (pH = 4.91) [7]; but comparable to several other arid and
semi-arid rural sites in India [23-25]. Rainwater acidity at dry savanna sites in South Africa is high due to
the greater influence of industrial NOx and SOy emissions from the Highveld region [7-8].

3. 2 Variation of monthly average pH and rainy days frequency (MRDF)

Figure 2 depicts the seasonal variation of the monthly average pH of rainwater and the monthly rainy
days frequency (MRDF) for the sites of Banizoumbou, Lamto and Zoetele.

Fig. 2. Covariation of monthly mean pH and monthly rainy days frequency (MRDF) for the three sites (a.
Banizoumbou, b. Lamto and c. Zoetele)

The higher pH values reflecting the alkalinity are obtained during the months marking the end of the dry
season for which the MRDF are very low. These are May (pH = 6.41) at Banizoumbou, March (pH =
5.49) at Lamto and pH = 5.40 at Zoetele during February. Also, the short dry season around August is
characterized by a high pH value at the two sites Lamto (pH = 5.26) and Zoetele (pH = 5.79) compared to
the other rainy months. Particularly, the highest pH at Banizoumbou (pH = 6.52) is obtained in October
at the end of the rainy season. This is due to the fact that during these periods, the concentra on of
terrigenous species  (Ca®, Mg?) in the atmosphere is very high and neutralized the acidic compounds
[26].

The lowest value of pH is obtained in August (pH = 5.90) at Banizoumbou. Indeed, this month is
characterized by a significant rainy days frequency, which contribute to gases (NHs, NO2, SO,) emission,
low concentration of terrigenous particles and then causing the pH to decrease [27, 28].

However, in Lamto and Zoétélé, the lowest pH is obtained respectively in December (pH =
4.81) and June (pH = 5.16). In fact, these months are characterized by low rainy days frequency which is
favorable to significant emissions of gases (NO2 and SO,) precursors of strong acids (HNOs, H2SO4),
ammonia (NHs) represented by the weak acid (NH4*) in rainwater but also volatile organic compounds
precursors of organic acids (RCOOH) [29].

Thus, the variation in the pH of rainwater seems to be controlled by the interaction between alkaline
load and acid load through heterogeneous particle-gas-water vapor processes ([10]; [28]). A study of the
correlation of the major ionic species contained in rainwater and the variation of the pH with their
concentrations shows this result more explicitly.

3. 3 Correlation between cations and anions contained in rainwater

Table 2 presents the correlation coefficients between the cations and anions contained in rainwater
collected at the three sites: Banizoumbou, Lamto and Zoetele.

Over the three ecosystems, the process of cloud formation leading to rainfall events requires the pre-
existence of water vapor condensation nuclei. This multiphase process which involves particles, gases
and water vapor is influenced by the meteorological conditions of the ecosystem but also by the
chemical properties of the substances concerned. The gaseous acids HNOs, H.SO4 are known to be
hygroscopic as are their salts such as NH4Cl, (NH4)2SO4, NHsHSO4, NHsNO3. These chemical products are
obtained by gas condensation or gas-particle conversion. Also, ions from of inorganic particles (Ca®', K*,
Mg?*, Na*) coming from terrigenous dust and water vapor ([12]; [26]), lead to the formation of non-
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volatile salts such as NaNOs, KCl, CaSO4, NH4Cl, (NH4)2SO4, NH4sHSO4, NHsNO3. These particle — gas —
water vapor interactions leading to the formation of clouds are the main cause of the strong correlations
observed between anions (representatives of acidic forms in water: HNO3/NOs"; H504/504%; organic
acids : RCOOH/RCOO") and alkaline cations (Ca?*, K*, Mg%, Na* and the weak acid NH4* representing
NHz). This multiphase process is strengthened by low temperature and high relative humidity [29].

Depending on the weather conditions of the ecosystem and the availability of suspended chemical
substances in the atmosphere, the following dominant alkaline species in order of high correlation
coefficients (table 2) are: in Banizoumbou Ca?* > NHs* > Na*), in Lamto (NH4* > Ca?* > Na*) and in
Zoetele (NH4* > Ca®* > Na*). Mg?*is not given despite its strong correlation coefficient because Mg?* is
associated with Ca? since both ions come from the same substance, the dolomite CaMg(CO3), [30]. From
this result, it can be deduced that ~ (Ca®* + NH4") is an indicator for the alkaline nature of rainwater
collected over the three sites.

However, NH4" is a weak acid tending to lower the pH value when its concentration is very high. Ca?
(terrigenous source) is therefore a cause of the alkaline character of rainwater at Banizoumbou in dry
savanna and NH.* (gaseous emission of NHs) the cause of their acidic character at Lamto in wet savanna
[9] and at Zoetele in the equatorial forest [5]. The role of these two major cations is the neutralization of
acidic species ([10]; [31]).

Horizontal reading of Table 2 shows that the anionic species representing the neutralized acids are given
in order of strong correlation coefficients: in Banizoumbou (S04 > NOs > CI* > CH3COO"), in Lamto
(HCOO- > S04 > NOz > CH3COO") and at Zoetele (NOs > SO4% > HCOO" > Cl). By considering Cl- as
transported from the sea by water vapor [10], one can deduce that the acidifying species coming mainly
from ecosystem conditions are SO4>, NOs with a significant influence of the organic acids RCOOH at
Lamto in wet savanna and Zoetele in equatorial forest. Thus, the sum (S04* + NO3) is an indicator for
the acidic nature of rainwater collected in Banizoumbou, Lamto and Zoetele [27].

In addi on, these results are even more remarkable through the values of the neutraliza on factors of

the cationic species and the values of the acidification capacities of the anionic species given by tables 3,
4 and 5.

Table 2. Correlation coefficients between cations and anions contained in rainwater collected at
Banizoumbou (1994 to 2009), Lamto (1995 to 2009) and Zoetele (1996 to 2007).

Cormelation coefficients between anions and cations

Stations Banizoumbou Lamio Zoetele
lons Na* NHS K Ca® Mg” | Na*  NHS K ca® Mg® | Na© NHS K ca® Mg*
NO4 0.02 0.61 0.18 085 084 0.14 080 078 0.74 0.75 082 0.86 053 057 044
Cr 0.75 0.73 0.93 0.25 0.42 0.92 0.44 0.45 0.13 0.46 093 0.74 0.71 0.73 0.58
50,2 0.95 077 047 072 073 043 085 087 073 084 062 0.61 07 0.50 0.33
HCOO -0.16 0.50 0.06 0.75 0.70 -0.09 0.93 0.73 0.91 0.76 0.74 0.94 0.08 0.36 0.40

CH,COO 0.04 0.68 0.42 0.77 0.84 0.02 0.95 0.82 0.95 0.84 0.73 0.49 0.33 0.68 0.02
CHsCOO" | -0.36 -0.02 0.16 042 -046 | -0.03 0.41 0.44 0.62 0.62 009 -012 019 014 -0.40
C.02 -0.16 0.52 0.29 061 0.67 0.06 0.91 065 0.72 0.72 0.60 0.96 0.12 0.17 0.53
tCarbonates | 0.95 0.56 0.36 043 0.41 0.16 0.76 0.93 0.90 080 | -001 -0.14 0.73 0.31 0.52




3. 4 Neutralization factor and acidification capacity

The values of the neutralization factors (NF) and the acidification capacities (AC) are determined by
using the following formulas:

)
©)
with XP* one of the cations Ca®*, K*, Mg?*, Na* et NH4*, Y™ one of the anions S04%, NOs',

HCOO", CH3COO", C2H5COO", et C,04% and

The mean values of the neutralization factors and acidification capacity are consistent to the results
obtained from the correlation coefficients concerning the species indicating the alkalinity (Ca2* and NH,
*) and the acidity (NOs~ and SO4%) of the rainwater at the three sites with a higher influence of organic
acids at Lamto and Zoetele (Tables 3, 4 and 5).

Table 3. Cations neutralization factors and anions acidification capacities for rainwater collected at
Banizoumbou (1994 to 2009)

Banizoumbou Neutralisation Factors Acidification Capacities
Months Na"  NH,* K ca®  Mg” NO; S0  HCOO' CH,CO0 CHCOO C,02
May 0.96 1.23 0.28 222 1.02 0.35 0.37 0.15 0.07 0.00 0.05
June 0.64 1.54 0.27 2.36 1.00 0.40 0.27 0.20 0.09 0.00 0.05
July 0.80 2.1 0.37 237 0.80 0.34 0.30 0.20 0.09 0.01 0.05
August 0.91 213 0.37 269 0.92 0.28 0.37 0.17 0.10 0.01 0.07
September 1.60 264 0.74 225 1.12 0.24 0.47 0.12 0.10 0.01 0.05
October 2.22 2.28 0.42 2.88 1.10 0.16 0.70 0.08 0.06 0.00 0.00
Mean 1.19 2.04 0.41 2.46 0.99 0.30 0.41 0.16 0.09 0.01 0.05

Table 4. Cations neutralization factors and anions acidification capacities contained in rainwater
collected in Lamto (1995 a 2009)



Lamio Neutralisation Factors Acudiiication Capacibes
Months Na* NH,* K ca* Mg** NOs S0,2  HCOO' CH,COO C,HCOO C.0.%
January 0.31 1.54 0.14 0.72 0.37 0.28 0.20 034 014 0.00 0.04
February 036 163 0.20 1.26 062 0.23 0.19 035 0417 0.01 0.05
March 026 160 0.12 0.98 038 0.18 0.16 042 016 0.01 0.07
April 027 1.34 0.10 0.85 0.33 0.19 0.16 042 016 0.01 0.06
May 0.50 1.47 013 1.02 0.38 0.20 0.22 034 0417 0.01 0.06
June 0.76 1.33 0.19 0.80 0.65 0.21 0.31 025 014 0.03 0.06
July 0.96 1.43 0.21 0.50 0.54 0.23 0.30 025 014 0.01 0.07
August 0.94 1.76 0.18 0.46 0.48 0.20 0.33 024 016 0.01 0.06
September 0.76 163 0.16 0.71 0.40 0.20 0.26 0.31 0.18 0.01 0.04
October 0.61 1.14 0.20 1.12 0.39 0.18 0.24 032 019 0.02 0.05
November 0.36 1.07 0.15 0.74 0.31 0.22 022 035 016 0.01 0.05
December 0.28 1.20 013 0.81 0.37 0.33 0.21 020 011 0.01 0.04
Mean 053 1.43 0.16 0.83 0.43 0.22 023 032 016 0.01 0.05

Table 5. Cations neutralization factors and anions acidification capacities contained in rainwater
collected in Zoetele (1996 a 2007).

Zoetele Neutralisation Factors Acidification Capacities
Months Na® NH," K ca** Mg** NO, 50,2  HCOO CH,COO C,HCOO GC,0.%
January 0.60 1.57 0.36 1.87 0.88 0.42 0.36 0.26 0.20 0.00 0.04
February 0.67 4.39 0.25 1.05 1.90 0.49 0.33 0.74 0.15 0.00 0.16
March 062 0.71 023 1.93 0.99 0.30 0.26 0.33 0.14 0.00 0.05
April 048 0.77 025 1.13 0.52 0.13 0.21 0.17 0.09 0.00 0.03
May 0.26 0.60 0.13 0.77 0.22 0.13 0.21 0.21 0.11 0.00 0.03
June 0.25 1.05 0.23 0.62 0.25 0.20 0.29 0.20 0.12 0.00 0.05
July 0.34 1.23 0.33 0.30 0.36 0.25 0.30 0.16 0.10 0.00 0.05
August 0.26 1.18 0.33 0.79 232 0.13 0.21 0.06 0.06 0.00 0.04
September 0.22 0.59 0.12 0.49 0.28 0.10 0.09 0.12 0.08 0.00 0.03
October 0.36 0.49 0.15 0.56 0.29 0.11 0.15 0.17 0.11 0.00 0.03
November 0.29 0.87 0.26 0.51 0.36 0.17 0.21 0.15 0.09 0.00 0.02
Mean 0.39 1.31 0.25 091 0.76 0.22 0.24 0.23 0.11 0.00 0.05

These values suggest:

o the formation in solid phase of substances such as Na SO, NaHSO4, NaCl, NH4Cl, NH4NOs, (NHa)
2504, NH4HSO4, (NH4)3H(SO4)2 KCI, K2SO4, KHSO4, KNO3, CaClz, CaSO4, Ca(NOs)2, MgCly, MgSOa,
Mg(NO3)2

o the transition of the these substances to the ionic form during the condensation of water vapor
on their surfaces,

e and the formation of clouds.

For ammonia (NHs) and organic acids (RCOOH), the dissolution in the liquid phase in clouds is partial
(weak base and weak acids respectively) and therefore these chemicals species exist in rainwater in their
molecular form. Furthermore, it should be noted that the average pH, calculated from the concentration
of H*, in the dry savanna of Banizoumbou, in the wet savanna of Lamto and in the equatorial forest of
Zoetele is 5.93, 5.09, and 5.16 corresponding respectively to a VWM (H*) of 1.17, 8.05 and 6.84 peq.L™.
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Despite the low acidity observed in precipitation at these three African sites, the potential contribution
of organic acidity (formate, acetate, propionate and oxalate) calculated is high and equal to 28% at
Banizoumbou, 53% at Lamto and 43% in Zoetele (Table 6). These organic compounds result from the
oxidation of volatile organic carbon (VOC) to aldehyde and carboxylic acid [32]. Volatile organic carbon is
emitted by vegetation and by savanna fire during the dry season. The potential contribution of mineral
acidity, mainly linked to the incorporation of mineral acids (H2SO4 and HNO3), is respectively equal to
72%, 47% and 57% at the three sites (Table 6). These findings are different from those obtained in The
Amazonian forest where the organics acids are dominant, representing 80 to 90%. Moreover, the results
are also different from those obtained in Amersfoort, an industrial site in dry savanna (South Africa),
where organic acids contribute only to 16% of the total acidity [6].

Furthermore, in agreement with the work of Galy-Lacaux et al. [33], our findings showed that all mineral
acidity (NOs + SO4%) is neutralized by solid alkaline dust particles (Ca*") and ammonia NH; (ammonium
ion (NH4" in water). Indeed, the neutralization factor of (Ca®* + NH4%) is much greater than the
acidification capacity of (NOs + SO4*) for the rainwater collected at the three sites. Also, it should be
noted that the negative gradient of mineral acidity (NOs + SOs%) is associated with the negative
alkalinity gradient (Ca®* + NHg4*). This result reveals that the remaining acidity in the rainwater samples is
linked to undissociated organic acid molecules (more important in Lamto and Zoetele) and to the excess
NH4* in the rainwater (Table 6).

Table 6. Alkaline and acidic influences of ionic species in rainwater from the three sites

Sites Banizoumbou Lamto Zogtele
lons or groups of ions Concentrations (peqﬁ) Rates | Concentrations (peqL") Rates Concentrations(ue’q‘L") Rates
ce* 4643 92.13 18.95 3323 16.95 21
Alkalinity NH,' 3425 67.96 28,69 50.31 2112 5258
Ca +\H' 80.68 160.09 4785 8355 38.07 94.78
NOy 18.23 36.17 16,59 2133 1240 30.86
Mineral acidity s0 18.06 3580 132 19.85 10.30 2564
NO; +50% 36.27 797 291 4718 2210 56.50
Organic acidty RCOO = HCOO + CHCO0"+ CHCOO + G0 14.12 26,03 30.12 5282 1747 4350
Potentialacidity | NO; + 50,7 + HCOO"+ CH,COO"+ CHICOO + G0, 50.40 100.00 57.03 100.00 4017 100.00

3. 5. Variation of rainwater pH with (Ca?* + NH4*), (NOs + SO4*) and RCOO-

The influence of mineral acids (NOs + S0O4%), organic acids (RCOO- (HCOO-, CHsCOO", C2HsCOOr,
C204%) and alkaline species (Ca?* + NH4*) on pH values are shown in Figure 3.

From this figure, it is clearly observed that the pH variation is consistent with that of the alkaline
combination (Ca* + NH4"), acidic mineral (NOs™ + SO4%) and organic acids (HCOO", CHsCOO-, C;HsCOO",
C204%) in Banizoumbou and Zoetele. However, in Lamto, two distinct features are observed in two
different periods:

o from January to March the variation of pH is not consistent with that of alkaline and acidic
combinations;

o then, from April to December where pH and concentrations of species vary in an opposite
direction

Indeed, in Banizoumbou, the dominant combination is (Ca?* + NH,4*) followed by (NOs™ + SO4%) and then

by organic acids (RCOO"). Consequently, higher pH values are obtained due to the fact that the alkaline

combination (Ca?* + NH4") is well above the quantity of neutralizable mineral acidity. This situation could
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be explained by the fact that the onset and cessation of rainfall in the dry savanna of Banizoumbou, the
terrigenous source is activated by the dust uprisings which accompany a thunderstorm that are mainly
of squall line type [26]. This terrigenous source is weakened during the rainy season (August) due to the
permanent humidity. Also, gaseous emissions of ammonia NHz (NH4*- H20), SOz (H2504/504% - H20) and
NO, (HNOs/NO3™ - Ho0) become significant [28] during this period. These aspects explain the lowest pH
values obtained in August due to abundant rainfall derived from stratiform or shower rainfall events.

Fig. 3. Variation of pH with the determining groups of chemical species in the three sites  (a.
Banizoumbou, b. Lamto and c. Zoetele)

- At Lamto, the onset (March) is marked by higher pH value due to high value of (Ca?* + NH,*). Indeed,
during this period, the harmattan transports terrigenous species to the sea coast and increases Ca?*
concentration, contributing to the neutralization of acidic compounds. But, because of higher gases
emissions (NHs, NO2, SO»...) from soil and vegeta on, the monthly mean pH values remained below 5.6
(acid nature of the rainwater). Hence, it can be deduced that the acidity of rainwater in wet savanna is
due to the strong influence of organic acids emitted by vegetation and to the excess of NH.* resulting
from the dissolution of ammonia NH3z that comes from bacterial nitrification of organic matter [27].
However, due to constant atmosphere leaching by precipitations, the value of pH decreases sharply from
April to November. The lowest pH value obtained in July is due to the very low concentration of
terrigenous species (Ca?*) weakened by high humidity [26].

- At Zoetele, from February to March pH rises from 5.40 (acid) to 5.90 (alkaline) while the concentra on
of chemical species in the atmosphere decreases. This is also due to the leaching of the atmosphere,
causing the rapid decrease in pH as well as (Ca?* + NH4"), (NOs + SO4%) and RCOO". On the other hand,
because of the low rainy days in August, the pH and (Ca?* + NH4*") increase.

3. 6 Influence of heterogeneous process

Potential Acidity (pA) is defined by the sum of the concentrations of nitrate, sulfate, formate, acetate,
propionate and oxalate, considering that all these ions are associated with H* ion [5].

The pA values obtained are respectively 57.03 peq.L?, 50.4 peq.L?, 40.17 peq.L? for Banizoumbou,
Lamto and Zoetele (table 4). By determining the difference between the potential acidity (pA) and the
measured acidity (mA = H* concentration), we find that 49.23; 48.98; 33.33 peq.L? of H* were
neutralized in Banizoumbou, Lamto and Zoetele respectively. According to recent studies on rain
chemistry in West and Central Africa, one of the main neutralization mechanisms is the adsorption of
gases strong acids by soil dust particles [33]. Our results obviously show the influence of this
heterogeneous multiphasic process. Indeed, at Banizoumbou in Niger, Ca?* corresponds to a
neutralization of 92.12% of the potential acidity, while it only explains 33.33% and 42.20% of the acidity
neutralized at Lamto and Zoetele respectively. This result is in agreement with EXPRESSO measurements
in the wet savanna of the Central Africa Republic [33].

In the three sites, our results highlight the influence of the heterogeneous process between mineral
aerosols and nitrogen compounds. Direct adsorption of ammonia NHz by water droplets in clouds and
raindrops can explain the remaining acidity in the three sites because the ammonium ion NH4* that
derived from its dissolution is acidic in nature. Indeed, ammonia NHz contributes to reduce the H* ion
content in rainwater through the reaction:

And that of organic acid molecules through the reaction:
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([34]; [35]).

These transformations do not completely neutralize the acidic character but weaken it due to the acidic
character of NH4* obtained and the remaining molecules of organic acids. This affirmation is confirmed
by the high NH4* concentra on values found in rainwater samples collected at these three sites (34.25,
28.69 and 21.12 peq.L? in Banizoumbou, Lamto and Zoetele, respectively). Thus, the process of
neutralization of the acidity of rainwater is dominated by primary particles of terrigenous origin (Ca?*) in
dry savanna (Banizoumbou in Niger) and by the gas — particle conversion process controlled by ammonia
(NHs) in wet savanna (Lamto in Ivory Coast) and equatorial forest (Zoetele in Cameroon). This result is
fortify by Figure 4 presenting the variation of pH and that of the ratio (Ca?* + NH4*) / (NO3 + SO4%) which
show that:

- At Banizoumbou, the wvariation of pH is opposite to that of the ratio
(Ca?* + NH4") / (NO3 + SO4%). This reflects the predominance of the terrigenous source (Ca?*) which has a
purely alkaline character and neutralizes almost all the mineral acidity. Also, the incorporation of
abundant ammonia during the wet period tends to lower the pH via NH4* (weak acid) on the one hand
and the organic acids RCOOH on the other hand.

- At Lamto and Zoetele, the variation of pH values are consistent with that of the ratio
(Ca?* + NHg*) / (NOs + SO4%), reflecting the predominance of the gas — particle conversion process. This
highlights the ammonia reactions with mineral acids (H2SO4 and HNO3) and organic acids (RCOOH) witch
lead to NH.* formation. The regression lines and the correlation coefficients given in Figure 5 confirm
this result. Furthermore, this heterogeneous process also involves alkaline particles such as Mg?*, K* and
contributes to the neutralization of the acidity of rainwater in the three study sites.

Fig. 4: Variation of pH with the ratio (Ca** + NH,*) / (NOs™ + SO4%) for the three sites  (a. Banizoumbou,
b. Lamto and c. Zoetele)

Fig. 5. Variation of pH as a function of the ratio (Ca?* + NH4") / (NO3™ + SO4%): (a.
Banizoumbou, b. Lamto and c. Zoétélé)

The equations giving the pH as a function of the ratio (Ca?* + NH4*) / (NO3™ + SO4%) displayed in Figure 5
show that when this ratio takes the unity value (In1 = 0), rainwater are strongly alkaline (pHo = 6.9903) in
dry savanna and strongly acidic in wet savanna (pHo = 4.9011) and equatorial forest (pHo = 5.1234) in
comparison to the limit value (pHo = 5. 6) for rainwater buffered by carbonates.

4. CONCLUSION

This study, which is part of the IDAF monitoring network, reveals that the RCOO- organic signature in dry
savanna of Banizoumbou is weak compared to that measured in wet savanna (Lamto) and in equatorial
forest (Zoetele). Indeed, the potential contribution of organic acidity (formate, acetate, propionate and
oxalate) calculated is equal to 28% in Banizoumbou, 53% in Lamto and 43% in Zoetele.

A negative concentration gradient of the alkaline combination (Ca** + NH;") from dry savanna to
equatorial forest is observed. Specifically, the alkaline concentration along the transect are 80.68 peq.L
1,47.65 peq.L?, 38.07 peq.L? for dry savanna, wet savanna and the equatorial forest respectively.
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Similarly, a negative gradient of mineral acidity (NOs + SO4%) is also observed along the same transect.
The values obtained are 36.27 ped.l?, 26.91 peq.L and 22.70 peq.L? in Banizoumbou, Lamto and
Zoetele respectively.

Furthermore, the results also show a negative neutralized acidity gradient due to Multiphasic
heterogeneous process which is the main reason of this neutralization. Indeed, the neutralization of the
acidity is dominated by the capture of acid gases (HNOs and H,SQO4) by terrigenous species (Ca®") in the
dry savanna and by the gas — particle conversion controlled mainly by the reactions of ammonia with
acidic species (HNOs; and H,SO4, RCOOH) in wet savanna and equatorial forest. To sum up, it can be
concluded that in dry savanna, the rainwater is alkaline with a mean pH value of 6.19 while in wet
savanna and equatorial forest it is acidic with mean pH values of 5.24 and 5.45 respectively. These
findings can be interpreted by the fact that the variation of pH during the rainy season is opposite to
that of the ratio (Ca®* + NH4") / (NO2 + SO4%) at Banizoumbou (dry savanna) while that variation is
consistent at Lamto (wet savanna) and Zoetele (equatorial forest).

This work provides a solid background of the rainwater chemistry for three major African ecosystems
which can be used to address the climate change concerns in tropical region where there is limited
dataset. The data obtained could provide a strong baseline for rainwater acidity in West and Central
Africa. In this regard, further studies on source intensity and dynamic transport of atmospheric
compounds are necessary to understand the inter-annual variability of acid rain in Africa, a continent
where population pressure and atmospheric emissions could rapidly evolve in the future.
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