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ABSTRACT 

The atmospheric sulphur balance over the humid tropical forest of the Ivory Coast is studied 
over a I-year period. A box model limited by the monsoon layer between the coast of the Gulf of 
Guinea and the savannah is used. The height of the box is between 1 and 3 km. its length I20 
km. and its width 0.001 km. The sulphur compounds considered are gaseous H,S and SO, and 
particulate SO;. Chemical criteria are used to differentiate the SO; of atmospheric. oceanic. 
soil-derived and plant origins. The sulphur compounds are measured in the air and in the 
rain-water at 2 stations, one at the box entry (Adiopodoume) and the second at the exit (Lamto). 
The sulphur balance of the box (inflow minus outflow) indicates that the mean annual emission 
by the soils of the forests is 1.5 g S m-' yr-I. This emission is modulated by the rainfall. I t  is 
shown that the mean emission of the wet season is 6 times that of the dry season. I f  such a 
sulphur emission takes place in all other humid tropical forests, 25 x 10' metric tons o f  sulphur 
per year would be injected into the atmosphere, about 4 of the present anthropogenic emissions. 
The tropical forests would then be one of the most important natural sources of atmospheric 
sulphur. 

1. Introduction 

Many balances of the global sulphur cycle have 
been established (Eriksson, 1960; Junge, 1960; 
Robinson and Robbins. 1972; Kellog el al.. 1972: 
Friend, 1973; Granat et al.. 1976). At present the 
intensity of the anthropogenic emission is esti- 
mated at  100 k 20 x lo6 metric tons of sulphur per 
year, while that of the natural sources (continental 
and oceanic biomasses and volcanism) is still 
unknown. In all the different cycles. the natural 
emissions have been calculated in order to balance 
deposits. However, data for sulphur deposition is 
incomplete. N o  data are available for the oceans. 
and some measurements for the continents are 
erroneous due to. for example. the contribution of 
unevaluated sources such as the sulphate input 
from plant fragments. Therefore. the calculation of 
the emissions only gives the approximative order of 
magnitude of the intensity of the real emissions. 
Current research is directed towards the measurc- 
ment of the fluxes of the natural sulphur com- 

pounds into the atmosphere. This work presents 
several difficulties. The first difficulty is that some 
gaseous sulphur compounds such as dimethyl 
sulphide (DMS) and methyl mercaptan (MeSH) 
are oxidized very quickly in the atmosphere (in 
about 1 or 2 h) and their amhient concentrations 
may be too low to be measured directly. It has been 
proposed (Bonsang. 1980) that the rate of genera- 
tion of the oxidation product of these substances, 
sulphur dioxide (SO,). be measured since its 
residence time in the atmosphcrc. which is of the 
order of I day. is better knout1 (Nguyen et al., 
1975: Bonsang et 01.. 1980). However. the tech- 
niques used for measurements :it low levels. where 
the concentrations are about 30 p.p.t. over the 
oceans, do  not yet have the rcquired sensitivity to 
yield reliable values. The measurcments of particu- 
late (mainly sulphates (SO, )) ;it levels comparable 
to those of SO, are less difficult hecause sulphate 
can be concentrated on a filter. A second difficulty 
appears with the necessity to Jctcrinine the origins 
of the SO, collected. Indeed. even above a fixed 
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source through long-range transport. there are SO; 
contributions from various anthropogenic sources 
and natural inputs (continental, oceanic and vol- 
canic). In general in the measurement:; carried out 
until now. the required criteria to discriminate and 
calculate the different SO, fractions in a given 
sample have not been investigated. From this point 
of view, the conclusions drawn from these studies 
are not totally convincing. 

To demonstrate the importance of the natural 
sources, a study of the sulphur budget over the 
humid tropical forests will be presented. We have 
tried to solve the difficulties mentioned above. The 
climatic conditions in these forests promote the 
formation of hydrogen sulphide (H,S) in the soils. 
These forests represent a potentially important 
source, as their total biomass is about 50% of that 
of the continental biomass. Delmas et al. (1978) 
showed that more than 70% of the SO; particles in 
the atmosphere are of biogenic origin in the 
forested zone of the Ivory Coast. The essential 
source is sulphate reduction of organic matter by 
bacterias in the forest soils leading to the for- 
mation of H,S. This observation is in disagreement 
with that accepted until now, that the H,S formed 
in the soils reduces the iron oxides, and that the 
emission into the atmosphere is very low. The 
intensity of this source was, however. not homo- 
geneous. It varied highly with the hydrous state of 
the soils. For example the H,S flux above hydro- 
morphic soils was 10 to 30 times that above dry 
soils (Delmas et al., 1980). It was therefore difficult 
to estimate the global emission of sulphur from 
measurements over small areas. In order to obtain 
a representative value of the mean emission of 
sulphur, one must multiply the number of measure- 
ment points. This is the reason we chose a more 
global approach, utilizing a simple model to 
represent the atmosphere above the forested zone. 
The monsoon layer is considered at; a box in 
steady-state. The balance of the fluxes I hrough this 
box allows us to evaluate the mean emission of 
sulphur from the soils of the forest. This model also 
allows calculation of the mean oxidation rate of 
sulphur compounds to SO;, in the atmosphere. 

2. Sulphur compounds 

2.1. Criteria osorigins 
The sulphur compounds which were measured 

are gaseous H,S and SO, and particulate SO;. The 

techniques used were fluorescence, colorimetry and 
atomic absorption spectrometry (Delmas et al., 
1978; Slatt et al., 1978; Delmas, 1980; Delmas et 
al., 1980). 

In the SO; analysis, the soil-derived and marine 
fractions were estimated by measuring the Ca++ 
and CI- contents and taking the ratios (SO,)/ 
(Cat+) = 1.16 (soil-derived aerosol) and (SO;)/ 
(CI-) = 0.14 (marine aerosol). The value of the 
(SO;)/(Ca++) ratio was determined from 25 
aerosol samples in Ouadagoudou, a station located 
750 km north of Lamto and under the influence of 
the harmattan. This ratio is 7 times higher than the 
mean world ratio of the soil (Bowen, 1966). The 
sea-water value of the (SO;)/(Cl-) ratio is questio- 
nable, as the CI- concentration is not an invariable 
property of the marine aerosols. It can decrease 
with the escape of C1 from the aerosol under the 
action of an acid stronger than HCI, such as H,SO, 
or HNO,. Na+, usually a typical marine element, is 
also present in great abundance in the soil-derived 
aerosol in the atmosphere of the forested zone. 
Therefore CI- remains the best reference element 
for marine origin. To determine the input of SO; 
from plant debris, the ratio l(K+) + (Ca++)]/[(Na+) 
+ (Mg++)l was determined in the aerosols and 
rain-water collected from the forested zone. Crozat 
(1978) showed that this ratio varies from 7.6 in 
plants to 1.3 in soil-derived aerosols and 0.1 in 
marine aerosols. In general, the values of this ratio 
in our samples were between 0.2 and 0.5, which 
shows that the contribution from plant debris, 2 to 
5 %, is negligible. 

2.2. Emission oJH,S 
The emission rate of H,S was measured in the 

Tai' forest by accumulation of H,S under the 
canopy during the night. During the dry season 
above a well-drained soil it was 12.5 pg S m-, h-' 
and above a flooded soil 300 pg S m-, h-I. By 
aircraft measurement and by the determination of 
the concentration profiles in the advection of air 
above the continent, the emission rate near Abidjan 
was estimated to be 40 pg S rn-, h-' during the dry 
season. 

2.3. Atmospheric sulphur concentrations 
At ground level, the atmospheric SO; content 

was measured permanently at Adiopodoume near 
the ocean and at Lamto in the savannah. The 
atmospheric SO; concentrations varied from 2.0 to 
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0.2 p g  m-’ near the ocean and 1.5 to 0.2 pg m-3 
near the savannah. The data have been reported 
previously (Delmas ef at., 1978; Delmas, 1980). 
The H,S and SO, levels in the air were measured 
from time to time in these two stations and in the 
forested zone. From about 600 measurements, the 
H,S, SO,, SO; concentrations were 0.60,0.65 and 
1.54 p g  m-3. 

The measured concentration profiles of SO; in 
January 1979 near Abidjan showed an increase of 
74% between the ground and 150 m height, and a 
decrease by a factor of 2 between 150 m and the 
top of the monsoon layer. Measurements of HIS in 
January and March 1979 near Abidjan revealed 
that the mean concentration in the monsoon layer 
was about 3 of the ground concentration. 

2.4 Sulphur deposition 
The sum of the dry and wet depositions of SO; 

were measured monthly with 2 pluviometers at 
Adiopodoume and Lamto and 9 others in the 
forested zones of the Ivory Coast. All these 

pluviometers were located at meteorological 
stations which met internationa! standards. The 
mean SO; concentration was 0.43 mg I-’  and the 
mean deposition 673 ii! mg S m-* yr-’. The 
deposition was higher in the western part of the 
country where the rainfall is higher. At Adio- 
podoume and at Lamto, the deposition was 682 mg 
S rn-, yr-1 which is close to the mean. H,S and SO, 
deposition was calculated with a deposition speed 
of 0.8 cm SKI, a value given by several authors. 
This value gives a deposition rate of 145 mg S m-’ 
yr-I. The dry deposition of atmospheric SO; 
particles with a diameter less than 1 p was 
calculated using a deposition speed of 1 cm S-I. 

The total dry deposition was 52 mg S m-* yr-I. 

3. The box model 

The mean distribution of the winds in January 
and July in the lower layers over West Africa is 
shown in Fig. 1. It is seen that the forested zone of 

J A N U A R Y  JULY 

Fig. 1. Position of the main centres in the atmosphere and the circulation in the lower layers in January and July 
(from “Climatologie de I’Afrique” Air France-Paris 1963.) The Ivory Coast is indicated with a dashed line; the 
forested zone is black. 
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the Ivory Coast is under the influence of the 
monsoon throughout the year. On some occasions 
during the dry season, the hot continental air 
(harmattan) loaded with soil-derived dust pene- 
trates towards the south and invades the forested 
zone. The tropical forest is therefore within the 
monsoon layer most of the time, with south-west 
winds up to between 900 and 3000 m. Above the 
monsoon layer, the harmattan blows from the 
north-east. At the ground, the separation between 
these two air masses, the intertropical convergence 
zone (ITCZ), is easily seen on meteorological 
maps. It is possible to evaluate the exchanges of 
sulphur compounds by simulating the forested zone 
as a box, limited to the south by the coastal zone 
(Adiopodoume), and to the north by the savannah 
(Lamto). The upper limit is the top of the monsoon 
layer. The length and the width of the box under 
consideration are 120 and 0.00 1 km, respectively. 

Four seasons are noted in the forests. of the Ivory 
Coast: 

-the great dry season (December-February) 
-the great wet season (March-Mid-July) 
-the small dry season (Mid-July-Mid-September) 
-the small wet season (Mid-September- 

November) 

The quantities of sulphur exchanged in the box 
are given in Fig. 2, where 

Qi = sulphur input 
Qo = sulphur output 
Qe = sulphur emission 
Qd = sulphur deposition 
Qi.s = sulphur input at the summit 
Qo,s = sulphur output at the summit 

continental air 

Fig. 2 .  The box model used for the study of sulphur 
exchanges over tropical forests. 
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Considering the stability of the climatic conditions. 
the time scale has been chosen as 1 month. As the 
concentrations do not increase within this time 
scale, a steady state may be assumed such that the 
difference between the input and output quantities 
is zero: 

0 = Qi + Qe + Qi,s - (Qo + Qd + Q0.s). 

The parameters we will consider are the sulphur 
concentration in the air entering and leaving the 
box, the dry and wet depositions of sulphur (see 
Section 2) and the volume of air advected by the 
wind in the monsoon layer. 

In the monsoon layer, the weight of the air 
advected by the wind is equal to the product of the 
air density, the layer width, the height of the layer 
and the mean horizontal wind speed. The height of 
the monsoon layer at Abidjan was estimated from 
daily radio-soundings. The top of the monsoon 
layer stands out very clearly as the wind turns from 
south-west to north-east. The height varied during 
the year from about 900 m in January to 3000 m in 
May. The mean surface wind speed was calculated 
from measurements at ground level. 300 per 
month. Upper level winds were obtained from four 
daily radio-soundings at 0 h, 5 h, 1 1  h and 17 h 
(local time) and wind observations at 600, 900, 
1500 and 2 100 m at Abidjan airport. In general the 
wind speed was lower near the ground than higher 
up and it was nearly constant between 600 and 
2100 m. The values ranged from 3.1 m s- '  in 
January to 4.9 m s-l, in July. 

4. Results 

4.1. Flow of sulphur caused bv the monsoon 
We used the box model described in Section 3 to 

calculate the main quantities which determine the 
annual sulphur balance. 

The inflow of sulphur (Qi) and the outflow (Qo) 
caused by the monsoon are shown in Fig. 3. They 
are nearly identical (of the order of 5 kg S 
month-I) throughout the dry season (January- 
May). Between June and October, a source is 
needed in the box to balance the deposition. During 
the wet season, the intensity of this source increases 
since Qo is at least twice as high as Qi. and also 
because of the increasing intensity of the deposi- 
tions. The maximum value of Qo is about 40 kg S 
month-I. 
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Fig. 3. Sulphur flux per month in the monsoon layer at the inflow (Adiopodoume. Qi) and the outflow (Lamto, Qo) 
of the box. 

4.2. Sulphur deposition 
The total deposition Qd represents SO,. which is 

measured, and gases (H,S + SO,). which are 
calculated (Delmas, 1980). The deposition of the 
gases is about 10% of that of SO;. In  fact. the wet 
removal of SO; is the most efficient. about 90% of 
the total. The results given in Fig. 4 illustrate this 
phenomenon. During the dry season. the total 
deposition is about 5 kg S month-). and during the 
wet season about 20 kg S month-'. 

4.3. Sulphur exchange at the top ofthe box 
It was not possible to measure the sulphur 

exchange at the top of the box owing to experi- 
mental difficulties and the cost of such an experi- 
ment. Therefore the two terms of this exchange 
were estimated as follows. The quantity Qi.s enters 
the box and the quantity Q0.s is removed from it. 
The first term was calculated from the input of 
soil-derived particulates from the harmattan into 

the monsoon layer and the second term from the 
input of oceanic particulate into the harmattan 
from the monsoon layer (Fig. 5 ) .  The difference 
between the two terms (Qi,s-Q0.s) represents the 
net sulphur flux at the summit of the box. I t  is 
positive during the dry season and negative during 
the wet season. On the average, over the year, it is 
negligible compared to both the input by the 
monsoon and the deposition. Therefore its r6le in 
the balance is small. 

4.4. Sulphur emission 

that the sulphur emission Q e  is given as: 

Q e  = Qo + Qd + Qos - Qi - Qi.s. 

From the balance equation in Section 3 we see 

The mean monthly values of the sulphur emis- 
sions are given in Fig. 6. Typical variations are 
observed over the seasons. There is a minimum 
from January to May and a maximum from June to 
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Fig. 4.  Theoretical estimation of the monthly variations of sulphur deposition on the ground (area -- 0.12 km*). 

September. During the dry season. the fall o f  the 
foliage brings a large quantity of fresh plant 
material to the soil. With the heavy rains during the 
wet season, the redox potential decreases. I t  
becomes negative over a 10-day period. The 
sulphur compounds of the plant material are 
reduced and H,S release becomes posible. This is 
also confirmed by direct measurements of the 
emission of H,S which are higher over wet soils 
than over dry. The values obtained through the 
balance are of the same order as those found 
experimentally. The mean calculated value during 
the dry season 55 p g  S m ' h- I. is comparable with 
the measurements uf 12.5 p g  S m * h ' in the Tai' 
forest and 40 p g  S m-2 h near Abidjan. The mean 
value during the wet season. 270 p g  'S m * h I. is 
close to that measured over a flooded soil in the Ta'i 
forest, 300 pg  S m-' h -  I. 

From these results we can calcuhte the mean 
emission of sulphur from the forested zone. I t  is 

equal to 170 p g  S m yr-l. 
This value is clearly greater than that determined 
from soils in temperate zones, which is about 0.06 
g S m-' yr I ( A d a m  el al.. 1979: Aneja and 
Aneja, 1979: Aneja el al., 1979; Delmas el al.. 
1980). Thus. the equatorial forests are important 
sources of atmospheric sulphur. 

4.5. Oxidatioti rate oJ'sulphur cotripourids to SO,  
A fraction of the H,S molecules emitted in the 

box are oxidized to SO, molecules. In a volume 
unit, the quantity of SO; generated in the box i s  the 
difference between the SO; concentration at the 
outflow of the box and that at the inflow corrected 
for the dry deposition and scavenging. 

I f  C, and C:, are the concentrations of SO, at the 
inflow and the outflow of the box. then the 
concentration of SO; formed in the box is the 
difference between that at the outflow C, and that 
at  the inflow C, which is not deposited on the soil. 

h- ' ,  or 1.5 g S m 
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Fig. 5. Monthly sulphur flux. input to (Qi,s) and output from (Q0.s) the box at the summit. 

The deposition rate per unit of time is the sum of 
two terms u d / H  for the dry deposition and A, for 
the rain scavenging; C ,  varies according to the 
exponential law dC,/dl  = - (u, /H + A J C ~ ;  after 
a transit time f in the box, C ,  is reduced by the 
factor exp [ - ( u d / H  + A,)]f. The concentration of 
SOT formed in the box is 

c, - C, exp [- (z  + Al)]l. 

where 

ud = deposition speed of the atmospheric SO, (0. I 

H = height of the box (900 to 3000 m). 
A, = scavenging coefficient (0.54 to 6.60 d-'). 
I 

cm s-'1, 

=transit  time of the air in the box (7.6 to 10.4 
h). 

Assuming the SO, concentration to be homo- 

geneous over a cross-sectlon ot the box, the flux of 
oxidized sulphur is 

V = mean air speed 

The mean rate of oxidation per unit of time is: 

I = length of the box (1.2 x 10' m). 
OR(Sg) = flux of gaseous sulphur into the box 
(1.24 to 12.55 mg SKI). 

r = mean residence-time of the sulphur in the box 
(3.68 to 5.54 h). 

In the first 3 months of the year (January to 
March). AQo = 0. In  reality. sulphur oxidation 
exists. but it was not possible to evaluate Aoo from 
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Fig. 6. Monthly variations of the mean emission 01' the soils of the forested zone. 

the experimental data. During the 9 other months 
(April-December) the quantity of sulphur com- 
pounds oxidized to SO; per unit time ( AQq) varied 

mg s '. The flux of H,S (aR (S,)) was 4.21 mg s-' 
and the residence time of H,S molecule:; in the box 

( r )  was 4.10 h. The mean value of the rate of 
oxidation per unit time is therefore: 

mg s - ~  

4.21 mg s-l 

It is possible that with a strong solar flux the 

between 0.32 and 4.82 mg s-l ,  the mean being 1.44 x - = 8.4%) h-l. 
4.10 
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Fig. 7. Annual sulphur balance over the forested zone (area = 0.12 km2). Soil-derived S :  S in soil-derived particulates 
SO; form. Atmospheric S: S in gaseous (H,S, SO,) and solid (SO;) compounds in the atmosphere. Marine S :  S in 
oceanic particulates, SO; form. 

formation of free radicals (such as  HO. HO,  and 
organics) is responsible for this rapid oxidation. It 
is also possible that with a high relative humidity 
(over 80%), heterogeneous reactions occur. The 
emission of DMS and MeSH by soils, followed by 
a rapid oxidation in the atmosphere. might also be 
the reason. The calculation month by month shows 
a variation from 5.3 to 12.9%) h-'  and the 
arithmetic mean is 8.4% h I .  This value is an order 
of magnitude higher than that of middle latitude 
rural zones with low pollution. and is similar to that 
of the urban zones. about 3 to 4.4%) h-' (Eggleton 
and Cox. 1978). Since the sulphur lost by diffusion 
through the ITCZ and by deposition on the ground 
were not considered. the calculated value is the 
minimal value. 

4.6. Atiriual global bulurice 
The annual sulphur balance in the box is 

presented in Fig. 7. I t  should be noted that more 
than 90% of the exchanged sulphur is of atmos- 
pheric origin. At the inflow of the box. the sulphur 
flux is strong. This flow alone could explain the 
deposition over the forested zone ( 1  18 kg S yr I 

compared to I16 kg S yrr l ) .  The emission intensity 
i s  higher. 180 kg S yr-I. This is needed to sustain 
the outflow of sulphur to  the savannah. The fluxes 

at  the top of the box and through the ITCZ are an 
order of magnitude lower, about I3 kg S yr - I .  

5. Discussion 

The accuracy of the results obtained in this 
study, and especially the emission value of the 
forests, depends on the accuracy of the chemical 
analyses, the accuracy of the meteorological 
parameters and the dry deposition speed. 

Taking into account the great volumes of air. the 
maximum error of the SO, measurements is I3 %). 
That of the monsoon input is 25% owing to  the 
errors in the estimated height of the monsoon layer 
and the mean wind speed. The calculated intensity 
of dry deposition depends on the deposition speed 
we have chosen. However. wet removal. about 4 of 
the total, is predominant. The error of the depo- 
sition is estimated to  be 20%). 

The value of the exchange at the summit of  the 
box is uncertain but low. This error is negligible in 
the calculation of the sulphur emission. Assuming a 
steady state regime, the error in the intensity 
emission of sulphur is the sum of the errors 
mentioned above. that is 50%. The calculation of 
the input by the monsoon was made using a 
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constant wind speed and a constant monsoon layer 
height. This model is not correct when the forested 
zone is under the influence of the harmattan. in 
particular in January and February. During this 
period. the emission of sulphur is minimal and the 
approximation we introduced is minimal. There- 
fore. it does not have a significant influence on the 
determination of the mean annual emission. 

The emissions of certain sulphur ccmpounds in 
particular that of DMS and MeSH have not been 
measured here, though they can be fairly high for 
some anoxic soils (Adams et a/. .  1979). Never- 
theless low concentrations of DMS have been 
measured in the air of the Banco forest. between 
2.7 and 7.1 ng S mr3. by the group of Dr. Nguyen 
B.C., Laboratoire mixte CNRS-CEA. Gif-sur- 
Yvette. France (personal communication). This 
compound has a short residence-time in the 
atmosphere, of the order of I h. I t  is oxidized over 
the forested zone and taken into account in the 
overall calculation of the atmospheric SO; con- 
centrations and depositions. The calculation of the 
different fluxes probably integrates the greater part 
of the reduced compounds emitted by the decom- 
position of organic matter. 

Considering the total balance. we find that the 
sulphur emission is slightly higher than the depo- 
sition. The difference between these two values is of 
the order of the estimated errors. As the balance is 
calculated over just 1 year, there is no significant 
loss in sulphur of the top soils, since deposition 
offsets emission. A long term stud.y would be 
necessary to confirm this result. 

It can be noted that at  the inflow of the box. the 
input of atmospheric sulphur (86 kg S yr - ' )  is 
much higher than that of the marine source (22 kg 
S yr-l). Campaigns in March and May 1976 in the 
Gulf of Guinea showed a background of H,S = 

0.02 pg m-3 and SO, = 0.1 p g  m-' iri the oceanic 
air, and an excess of SO; was very likely formed 
over the forested zones. This oceanic background 
gives a maximum input of 50 kg S y r r l  at the coast. 
A fraction of the sulphur which enters the box (80 
kg S yr-I) is therefore emitted by plant sources. 
This is confirmed by the seasonal variations in the 
SO; concentrations which are comparable at 
Adiopodoume near the sea and at La-nto near the 
savannah (Delmas el a/., 1980). At present it is not 
known where the transfer of sulphur compounds 
over the continent through the ITCZ takes place. 

6. Conclusions 

Through a study of the natural sources and sinks 
of sulphur in the forested zone of the Ivory Coast. a 
balance has been set up. Over 1 year, the intensity 
of the source represented by the humid equatorial 
forest has been quantitatively evaluated. The mean 
emission of these forested soils is about I .S g S m * 
yr-l. 40 times stronger than that of soils in 
temperate zones. For such an emission. the 
equatorial forests would emit 25 x loh t S yr- ' into 
the atmosphere, which is 4 of the present anthro- 
pogenic emissions. They therefore represent a 
major source, which must be taken into con- 
sideration in the global atmospheric sulphur 
cycle. 

The whole sulphur cycle in this equatorial region. 
emission as well as deposition. is modulated by the 
rainfall and accelerated distinctly during the wet 
season. 

The sulphurous compounds emitted into the 
atmosphere are rapidly oxidized into sulphur 
dioxide and sulphates. The transformation into 
sulphates has been estimated to be about 8.4%) per 
hour. This oxidation is rapid for a natural atmos- 
phere and explains the sulphate concentrations 
measured in the forested zone. The oxidation 
reactions are multiple and require special study. 
The oxidation most likely does not occur only by 
reaction with HO and HO, radicals, but also 
through reaction with organic radicals and through 
some heterogeneous reactions in the presence of 
high relative humidity. 

The sulphate particles formed in the atmosphere 
are soluble and effectively eliminated by the rains 
over the forests. However. 50% of the particles do 
not take part in this deposition. They spread out 
over the savannah. These particles may then be 
carried over great distances to feed the tropo- 
spheric sulphate load. Feeding of the stratospheric 
load is still a matter of speculation as the sulphur 
dioxide and the sulphates are scavenged very 
effectively by the convective rain. The hydrogen 
sulphide which is quickly oxidized into sulphur 
dioxide. would also be eliminated through such 
scavenging. 

The sulphates of atmospheric origin are soluble 
and could form condensation nuclei. Some 
measurements of such nuclei have been made in the 
Banco and the Tai forests. They showed diurnal 

Tellus 358 (1983), 02 



120 R. DELMAS A N D  J .  SERVANT 

and seasonal variations of  a concentration which 
could be attributed t o  the forest. This aspect of  the 

r61e of  the forests in the climate of  the equatorial 
regions remains t o  be studied. 

REFERENCES 

Adams. D. F.. Farwell. S. 0.. Pack. H. R. and 
Bamesberger, W. L. 1979. Preliminary measurements 
of biogenic sulfur-containing gas emissions from soils. 
APCA Journal 2 9 . 3 8 6 3 8 3 .  

Aneja. V. P. Aneja, A. P. 1979. Emission survey of 
biogenic sulfur from terrestrial surfaces. 72nd Annual 
Meeting of the American Institute of Chemical 
Engineers. San Francisco. California. Nov. 1979. 

Aneja. V. P.. Overton. J. H. Jr. Cupitt. T. L.. Durham. J. 
L. and Wilson, W. E. 1979. Direct measurement of 
emission rates of some atmospheric biogenic sulfur 
compounds. Tellus 31. 174-178. 

Bonsang, B.. Nguyen. B. C.. Gaudry. A. and Lambert. 
G. 1980. Sulfate enrichment in marine aerosols owing 
to biogenic gaseous compounds. J. Geophvs. Res. 85. 
7410-7416. 

Bonsang, B. 1980. Cycle atmospherique du soufre 
d’origine marine. These de doctorat es-sciences physi- 
ques. Universite de Picardie. France. 

Bowen. H. J. M. 1966. Trace elements in biochernist~. 
Academic Press, London. 

Crozat, G. 1978. L’aerosol atmospherique en milieu 
naturel. Etude des differentes sources de potassium en 
Afrique de I’Ouest (CBte d’lvoire). These de Doctorat 
es-sciences No 844. Universite Paul Sabatier. 
Toulouse, France. 

Delmas. R.. Baudet. J. and Servant, J. 1978. Mise en 
evidence des sources naturelles de sulfates en milieu 
tropical humide. Tellus 30, 158- 168. 

Delmas. R.. Baudet. J., Servant, J. and Baziard, Y. 1980. 
Emissions and concentrations of hydrogen sulfide in 
the air of tropical forest in the Ivory Coast and of 
temperate regions in France. J. Geophys. Res. 85. 
4468-4474. 

Delmas, R. 1980. Contribution a I’etude des forits 

equatoriales comme sources naturelles de derives 
soufres atmospheriques. These de Doctorat ex- 
sciences No 952. Universite Paul Sabatier. Toulouse. 
France. 

Eggleton. A. E. J. and Cox. R. A. 1978. Homogeneous 
oxidation of sulphur compounds in the atmosphere. 
Airnos. Environ. 12. 227-230. 

Eriksson, E. 1960. The yearly circulation of chloride and 
sulfur in nature: meteorological. geochemical and 
pedological implications. Part 11. Tellus 12. 63- 109. 

Friend, J. P. 1973. The global sulfur. In Chernistrv of the 
lower armusphew (ed. S .  1. Rasool). Plenum Press. 
New York. 177-201. 

Granat, L.. Rodhe, H. and Hallberg. R. 0. 1976. The 
global sulfur cycle. In Nilrugen, phosphorus, and 
sulJur global cscles. SCOPE Report 7. Ecol. Bull. 
(Srockholm) 22,89-134. 

Junge, C. E. 1960. Sulfur in the atmosphere. J. Geophvs. 
Res. 65. 227-237. 

Kellog, W. W.. Cadle. R. D.. Allen. E. R.. Lazrus. A. L. 
and Martell. E. A. 1972. The sulfur cycle. Science 

Nguyen, B. C.. Bonsang. B.. Lambert. G. and Pasquier. 
J. L. 1975. Residence time of sulfur dioxide in the 
marine atmosphere. Pure Appl. Geophys. 123. 489- 
500. 

Robinson, E. and Robbins. R. C. 1972. Emissions. 
concentrations and fate of gaseous atmospheric 
pollutants. In Air pollurion conrrol, Purr I1 (ed. 
Werner Straws). Wiley Interscience. New York. 

Slatt, B. J., Natush. D. F. S.. Prospero. J. M. and Savoie. 
D. L. 1978. Hydrogen sulfide in the atmosphere of 
Northern Equatorial Atlantic Ocean and its relation 
to the global sulfur cycle. Airnos. Enciron. 12. 981- 
991. 

175,587-596. 

Tellus 3 5 8  (1983). 02 




