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Abstract. During December and January, dry northeasterly surface winds (the Harmattan)
distribute dust over West Africa. Rate of deposition and some chemical and physical charac-
teristics of Harmattan dust were measured in Tai National Park in the southwest corner of Cote
d'lvoire during the 1990-1991 dry season. The dust deposition was estimated by the classica
water-filled basin method and by using canopy drip to account for deposition on tree canopies.
Contamination by local biotic debrisin both, water-filled basin and canopy drip collectors, was
corrected for by using Ti (which appears to be wholly of atmospheric origin) as a reference
element. Harmattan dust in Tai consisted mainly of kaolinitic silt finer than that collected in
North Nigeria, closer to the source areain the Chad basin. The estimates of seasonal deposition
rates were 33 to 47 kg ha~? for the water-filled basin method and around 80 kg ha™* for the
canopy drip method. The higher value in canopy drip was in agreement with expected higher
deposition of fine dust on the canopies than on awater surface, and was therefore considered
more reliable to estimate nutrient inputs by Harmattan dust deposition. The seasona nutrient
input by dust was thus estimated to be 0.11 kg ha™* for P, 2.5 kg ha? for K, 3.5 kg ha™? for
Caand 0.4 kg ha~?! for Mg.

I ntroduction

Large-scale destruction of the West African equatorial forest has decreased
the original 1.1 million km? of moist evergreen forest by 87% (FAO/UNEP
estimate for 1985 by Martin (1991)). With a surface area of 3,400 km?, the
Tal National Park in the southwestern part of Cdte d'lvoire (Figure 1) is
one of the last vast forested areas in the region. Development of sustainable
agriculture and silviculture requires knowledge of the nutrient budgets. Apart
frombiological N fixation, wet and dry deposition arethe only natural sources
of external nutrient inputs in the area. The objective of this study was to
estimate nutrient input into the forest through deposition of Harmattan dust.
The Harmattan aeolian system isreceiving increasing attention in relation
to the possible desertification of the Sub Saharan Sahel zone and the negative
effects of dust entrainment in the Central Chad basin (Rapp 1974; Morales
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Figure 1. The location of the study area and the Harmattan aeolian system in December-
January.

1979; McTainsh 1986). Few authors (e.g. Tiessen et al. 1991; Drees et al.
1993) have considered the role of nutrient inputs by dust in low-fertility soils,
despite the fact that the productivity of many ecosystems on these soils is
strongly affected by small changesin nutrient availability (Penning de Vries
& Djiteye 1982; Janssen et al. 1990; Noij et al. 1993). When the Intertropical
Convergence Zoneisin its southernmost position, in December and January,
the northeastern M onsoon may reach the Equatorial forest zone and dust from
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the Chad basin will be transported over West Africa (Pye 1987; Baudet &
Bertrand 1988).

In the savanna area, mainly the coarser particles are deposited. In areas
deprived of vegetation, secondary entrainment of fine dust takes places
(McTainsh 1985). The dust plume is enriched when passing the southern
savanna area, where the fallow vegetation is being burned during the Har-
mattan season (Baudet & Bertrand 1988). The residuary refined and enriched
dust will deposit on the Equatorial forest zone, including the Tal area.

The classical method to determine the rate of dust deposition is by the use
of a water-filled basin in which the dust particles are collected (McTainsh
1985). However, the structure of aforest canopy differs strongly from awater
surface in terms of roughness length. Consequently, dust deposition on a
forest canopy is likely to differ from that on awater surface, and the method
based on the water-filled basin may be inappropriate to assessdust deposition
in forest areas. Therefore, we used the forest canopy itself as the collector,
as was done for water-soluble aerosols by Lindberg et al. (1988). Assuming
that practically all dust deposited on the canopy is washed by the first rains
after the dry season, dust deposition can be measured by collecting and
analysing canopy drip (henceforth called “canopy drip method”). To account
for contamination by local sources, the composition of the Harmattan dust,
including the content of a reference element unique to the Harmattan dust,
had to be used in connection with this method. In this paper we present dust
input measurements using the water-filled basin method and the canopy drip
method during the 1990-1991 Harmattan season. It was part of alarger study
of the gross inputs and outputs of nutrients in undisturbed forest of the Tai
area (Stoorvogel 1993, Stoorvogel et al. 1997).

Materials and methods

The main study plot was a forest catchment of 117 hain the western part of
Tai National Park at 7°20 N latitude and 5°52 W longitude (Figure 1).

Sampling and analysis of dust particles

Nutrient input by dust is calculated as the product of the concentration of
nutrientsin the dust particlesand the rate of dust deposition. Thedust particles
for chemical and physical characterisation were sampled directly from the air
using amaodified version of the Gromoz apparatus (Vrins et al. 1985) (Figure
2). An air pump of 1000 W capacity filtered air through a glass fibre filter
(Sleicher & Schuell glass fibre filter No. 10) of low air resistance. Because
it is practically impossible to separate the dust particles from the glass fibres
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Figure 2. An adapted version of the Gromoz dust sampling apparatus (Vrins et al. 1985).

of these filters, filters with and without dust were analysed for the chemical
characterisation of dust. Samples of dust were taken at 2 meters above the
ground surfacein a2-ha open field surrounded by primary forest, which was
used for meteorological observations. The field was completely covered with
alow grass and weed vegetation. The apparatus was installed each sampling
day after the morning mist had disappeared (normally around 10 am) and
was kept running for 4-8 hours. Sampling took place in the first two weeks
of January, 1991, the only period when the concentration of dust was high
enough for effective sampling.

Two glass fibre filters with dust were used for particle size assessment by
scanning electron microscopy (SEM). A total of 10 micrographs were made
at magnifications of 1250, 2500 and 5000 times. On the micrographs, six
size classes were distinguished, and per class the numbers of particles were
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counted. For the elemental composition, three filters with dust particles were
ground for 5 minutes in a Wolfram-Carbid ball mill. Loss on ignition was
determined by heating the samples to 600°C, rather than the usual 900°C
to avoid melting of the glass fibres. The whole sample was melted with
lithium tetraborate to glassdisksand subsequently analyzed on aPhilips X -ray
fluorescence assembly. The system was calibrated using USGS geochemical
standards as listed by Abbey (1980). The same procedure was followed for
two clean filters to correct for the filter material in the other analysis. Asthe
filter material was included in the analysis, the sample was diluted resulting
in a lower accuracy of the XRF analysis. A mineralogical identification of
dust was done using X-ray diffraction on one filter. To check whether a bias
in the size of dust particles collected on the glass fibre filter could affect the
estimate of the chemical composition of the dust, 30 particles of different
diameter between 2 and 10 zm were analyzed with a X-ray microanalysis
system connected with a scanning electron microscope.

Rate of dust deposition

Water-filled basin method

Six round plastic basins with a diameter of 50 cm and a rim of 10 cm were
installed at three different sites. Two basins were placed in the forest canopy
at aheight of 41 meters, two on the meteorological field, and two in ayoung
coffee plantation, just outside the national park, at a height of 1 m above the
coffee plants. The basins were filled with distilled water to a depth of 2-2.5
cm; water was replenished automatically. Leavesand branchesthat had fallen
in the basins were taken out and thoroughly rinsed with demineralized water
above the basin to collect any dust from such plant fragments. The basins
wereinstalled on 19 December 1990 (well before the Harmattan reached Tai)
and maintained until 6 February 1991. Next the basins were emptied, the
contents were filtered over a Whatman 542 ashless filter, and the residues
were dried and weighed. The quantity of material was so small that residues
from the two basins at each site were pooled to one sample. After ignition
of the samples at 900°C, the samples were analyzed by XRF using the same
procedure as for the glass fibrefilters.

Canopy drip method

To collect canopy drip, 56 plastic funnels of 15 cm diameter with collector
bottles were placed at an height of 1.5 m above the forest floor every 50
m in 3 transects of approximately 900 m. Canopy drip water was collected
from the last two rain showers before the Harmattan season (30 December
1990) and during the first two rain showers after the Harmattan season (13
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and 15 February 1991). Rainfall was absent during the Harmattan season.
The collectors were maintained during the Harmattan season to include dust
depositiondirectly ontheforest floor and dustin dew drip. They wereemptied
after every rainfall event and rinsed with demineralized water. The contents of
the collectors were combined per transect, thus giving three samples per rain
event. The canopy drip water was filtered over a Whatman 542 ashlessfilter
and the residues were analysed using XRF, following the same procedures as
for the glassfibrefilters.

To test the assumption that al the dust particles are washed from the
canopy with rainfall, leaves were collected at fifteen positionsin the vegeta-
tion at heights between 3 and 43 meters. The branches to be sampled were
selected to obtain a maximum variation in height and foliage, but were
restricted to three spotsin the forest where tree climbing was possible. Three
leaves from every position were placed between two small glass sides and
stored in a container with silica gel for preservation. This was done weekly
during the Harmattan season, from 3 January 1991 till 2 February 1991 and
after the two rain events in February. One cm? sections of each of the 315
leaves were examined for dust particles under the microscope at a magnifica-
tion of 500.

Correction for contaminationsin dust samples

Both, drip water and basin water do not only contain dust but also conta-
minations from local sources like particulate plant-derived material, insects,
animal faeces and dissolved material in rain water. To be ableto calculate the
fractions of dust and contaminations in the dried residues, a reference ele-
ment was analysed. Titanium was chosen as areference becauseit is strongly
lithophilic, and relatively abundant in aeolian dust with afairly narrow range
of mass fractions (0.6-1.4% of TiO, in 11 samples from all over the world;
Pye 1987). Further it is practically insoluble in water (Hutton 1977). There-
fore, the massfractionsof Ti in dry matter of plantsand animalsare very low:
<10~ 3and<10* gkg 1, respectively (Bowen 1966; Brooks1973). Hence Ti
isanideal index element in the particular casethat the bulk of contaminantsin
collectors of aeolian dust consists of organic materials. The Ti method would
lead to an overestimation of Harmattan dust inputs if contaminants included
local dust and droppings of flying animals that would contain soil material.
In particular birds may ingest mineral grains to aid digestion (M.C. Reheis,
pers. comm.). To test for such possible contributions of Ti sources other than
Harmattan dust, reference samples of canopy drip were collected before the
Harmattan season.
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Table 1. Particle size distribution (mass fraction in%) of Harmattan dust
collected in the Tai region and two regionsin North Nigeria (for locations see

Figure1).
Tal ZariaKano Zaria
Coted Ivoire!  Nigerie? Nigeria®
Clay (<2um) 2 24.9 1
Finesilt (2-20 pm) 98 422 80
Coarse silt (20-50 pm) 0 145 16
Fine sand (50125 pm) 0 16.6 3
Medium sand (125-250 pm) 0 12 0
Coarse sand (250-2000 pm) 0 0.7 0

1 Based on particle counts, re-calculated to mass fraction.
2 Moberg et al. 1991.
3 Whalley & Smith 1981.

Results and discussion

Physical and chemical characteristics of dust

Thedust collected on the glassfibrefilters consisted almost completely of fine
silt (Table 1). Table 1 suggeststhat the fine silt fraction of dust increasesfrom
the centre of the source. Therelatively high clay content found in Zaria-Kano
(Moberg et al. 1991) may be due to disintegration after sample treatment
of coarse silt-sized aggregates consisting of fine silt and clay which were
observed in Nigerian Harmattan dust by Whalley and Smith (1981).

The elemental composition of the dust (average value of three samples,
Table2) showedless SiO, and more Al,O3 than samplesfrom Nigeria(Doyne
et al. 1938; McTainsh & Walker 1986; Moberg et al. 1991).

X-ray diffraction revealed a distinct peak at 0.333nm indicating the pres-
enceof quartz. In addition, presence of kaolinite wasindicated by adgy; peak
at 0.716 nm and a dog, peak at 0.356 nm. No other minerals were found to be
present. The X-ray microanalysisgave acomposition closeto that of kaolinite
for 28 of the 30 dust particles, while the other two were dominated by SO,
(Stoorvogel 1993).

No systematic change in elemental composition of the aerosols with
increasing distance from the source can be found, but the low silica and
higher aluminium content in the Tai dust supports that dust becomes rela-
tively enriched in kaolinite as the distance to the source increases (Table 2).
As indicated by Pye (1987) and McTainsh (1980) differences in chemical
composition may also originate from secondary entrainment of dust.
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Table 2. Comparison of the chemical composition (mass fraction of the oxide components
in %) of Harmattan dust collected in the Tai region (average of three samples, range between
parenthesis) and three regionsin Nigeria (for locations see Figure 1).

Tai |badan, Kano, Zaria, Kano  Kano, Zaria,
Cote d lvoire Nigeria®  NigeriaZ Nigeria® Nigeria®  Nigeria®
SO, 48 (44-52) 49.34 66.03 55.3 57.19 57.45
Al,Os 24 (19-27) 10.34 11.08 219 12.11 10.64
CaO 6.1(5.3-6.6) 5.28 1.13 7.00 3.61 2.88
Fe08  1.9(1.5-25) 414 445 172 5.30 4.34
MgO  0.9(0.8-0.9) 2.07 082 012 0.81 0.81
K20 3.7(244.9) 1.62 2.04 1.38 2.95 3.26
NaO 0.7 (0.5-0.9) 0.80 0.91 0.06 1.46 214
TiO, 0.3(0.2-0.3) 0.66 0.73 1.10 0.83 0.82
P,Os  03(02-03)  ND. 017 ND. 0.24 0.8
MnO 0.1(0.1-0.2) N.D. 0.10 0.05 0.08 0.09
LI®  11.4(11.3-136) 2481 1279 111
Tota 97.4(96.9-98.2) 99.06 100.25 99.73
! Doyneetal. 1938. 4 Wilkeet al. 1984.
2 McTainsh & Walker 1986. 5 FeO3 + FeO expressed as % Fe,Os.
3 Moberg et al. 1991. 6 Lossof ignition.

Rate of dust deposition

Two basic assumptions were made for the use of Ti as areference element:

i) All Ti originates from Harmattan dust. This appears to be correct since
Ti was detected in canopy drip shortly after, but not before the Harmattan
season.

i) Dust deposited on the canopy and dust collected with the Gromoz appa-
ratus have essentially the same chemical composition. Because (1) X-ray
microanalysis showed that dust chemical composition was homogeneous
with anarrow range in particle size and (2) the material observed micro-
scopically on thetreeleaveshad the same particle size range, the assump-
tion appeared justified.

An additional assumption was made for the canopy drip method:

iii) All dust deposited washes down with canopy drip. Figure 3 shows the
change in numbers of dust particles on the leave surface during the
Harmattan season. With the first two rain showers after the Harmattan
season, 96% of al the dust particles present on the leaves were washed
off. For this reason, the input estimate was corrected for the remaining
4%.
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Figure 3. Average number of dust particles per 10 cm? leaf surface.

Table 3. Rates of residue deposition, mass fraction of TiO; in residues,
calculated fractions of contamination in the residue and calcul ated rates
of dust deposition during the 1990-1991 Harmattan.

Sampling Residue TiO, Dust
method kg ha™t gkg?! kg ha™!
Basin, canopy 89 156 46
Basin, cleared field 56 177 33
Basin, coffee 95 1.48 47
Canopy drip

—average 137 1.69 76

— standard deviation 43 0.54 16

The TiO, contents in the residues of the water filled basins ranged from
1.48t0 1.77 g kg~L. The TiO, content of dust was 3 g kg—*. Because the
total mass of material collected in the basins was 56-95 kg ha~1, the amount
of dust deposited ranged from 33 (= 56x1.77/3) at the cleared field to 47
(= 95%1.48/3) kg ha—? in the coffee field (Table 3). The lower Ti content of
the collected residue indicates that the material collected in the basins was
highly contaminated with other inputs from local sources.

Residues from canopy drip collected after the Harmattan season had a
TiO, content of 1.69 g kg~!. The total mass of residues was 137 kg ha—?,
equivalent to a dust deposition of 77 (= 137x1.69/3) kg ha—. Canopy drip
was contaminated with non-Harmattan material to the same degree asresidue
in the water-filled basin, but the amount of dust collected by the canopy was
higher. Correcting for the 4% of the dust particles that were not washed off
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the canopy, thetotal deposition of dust in the 1991 Harmattan season amounts
to 80 (= 77+100/96) kg/ha. Multiplying this value with the nutrient contents
presented in Table 2 results in estimates of nutrient inputs through Harmattan
dust of 0.11 kg for B, 2.5 kg for K, 3.5 kg for Caand 0.4 kg for Mg per ha per
Season.

The dust deposition estimated by the canopy drip method is about twice
that in the wet basins. This difference can be explained by the difference
in deposition characteristics of the basin and the forest canopy. The much
rougher surface of the forest canopy increases the deposition area and allows
for turbulent transport of dust into the canopy. Both factors increase dust
deposition on a forest over that to a flat surface. For instance, deposition
of water-soluble Ca aerosol on temperate forest canopies was increased by
about 0.5 x LAI (Leaf Arealndex, theratio of (one-sided) leaf surface areato
ground surface; Lindberg et al. 1988). It indicates that the water-filled basin
method is not suited to assess dust deposition in a tropical forest area. The
relatively small variation among the three transects where canopy drip was
collected indicates that the number and the size of the funnelsis satisfactory.
Nevertheless, the accuracy with which the chemical composition of Harmat-
tan dust was determined is relatively low, due to the dilution of the sample
with the filter material. Therefore the canopy drip method should be seen as
an approximate estimate of the nutrient input by Harmattan dust, yielding a
dust deposition in the approximate range of 60—100 kg/ha.

The significance of nutrient inputs from Harmattan dust can beillustrated
by comparison with inputsin wet deposition, and with outputs through creek
water, sediments and organic debris (Stoorvogel et al. (1996)). Annual inputs
by wet deposition are higher than by dry deposition for K, Caand Mg, whereas
dry deposition of P exceeds the atmospheric input by wet deposition (Table
4). In contrast to wet deposition, nutrient inputs by Harmattan dust takes place
with a high rate over a short amount of time (generally less than 1 month).
Stream water outputs exceed atmospheric inputs for all nutrients. For K and
Ca appreciable portions of the output are compensated for by the Harmattan
dust, while Harmattan inputs of P and Mg are relatively small. In contrast to
the other inputs and outputs, Harmattan input is characterised by a high rate
during a short period of time (approximately three weeks).

The rate of dust deposition, measured with the water-filled basin method,
is compared with data from Ghana and Nigeria in Table 5. Although the
dataoriginate from different years of observation, the rate of dust deposition
apparently decreases with increasing distance from the source of the dust in
the Chad basin.
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Table 4. Nutrient inputs through Harmattan dust compared with nutrient
input through wet deposition, and with nutrient outputs through creek water,

sedimentsand organic debrisinthe Tai region. All valuesareinkg hayr

-1

P K Ca Mg
Harmattan 0.11 25 35 0.4
Wet deposition 0.02 35 6.5 0.9
Nutrient outputs 156 18.7 253 9.4
Harmattan/outputs (%, rounded) 7 13 14 4

Table 5. Dust deposition, measured with the water-filled basin method, for different sitesin
West Africain relation to the distance between collection site and the source areain the Chad

basin (for locations see Figure 1).

Location Distance Dust Reference Years of

(km) deposition observation
(kg hatyr—?)

Tai area 2700 42t This study 19901991

Tai area 2700 802 This study 1990-1991

Bolgatanga-Tamala, Ghana 2000 1507 Tiessenet al. 1991 1987-1989

Kano, Nigeria 1000 8502 Maoberg et al. 1991 1984-1985

Kano, Nigeria 1000 9912 McTainsh 1980 1978-1979

! Measured using Ti as an index.
2 Measured astotal residue.

Conclusions

Thetraditional water-filled basin collectors underestimate rates of deposition
of Harmattan dust on tropical rainforest by at least 50%, becausethey areless
efficient than tree canopiesin trapping atmospheric dust. Thisdifferenceisin
agreement with expected differences in deposition characteristics of dust on
water surface and tree canopy. Practically all of the dust deposited on leaf sur-
facesis washed off by rain. A reference element that occurs almost uniquely
in the atmospheric dust source is needed to account for contamination from
local sourcesin both water-filled basins and in canopy drip collectors. In the
studied area Ti appeared to be suitable for that purpose.
Harmattan dust input to the Tai forest was about 80 kg ha~* during the dry
season 1990-1991, and acted as a significant source of nutrients K and Ca.
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