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Abstract

African tropical forests of the equatorial belt might receive significant input of extra
nitrogen derived from biomass burning occurring in the north savanna belt and trans-
ported equator wards by NE winds. In order to test this hypothesis an experiment was
set up in a tropical rain forest in the National park of Ankasa (Ghana) aiming at: quanti-
fying magnitude and seasonal variability of concentrations of N compounds, present as
gas and aerosol (dry nitrogen) or in the rainfall (bulk nitrogen), over the studied forest;
relating their seasonal variability to trends of local and regional winds and rainfall and
to variations of fire events in the region. Three Delta systems, implemented for monthly
measurements of NO,, were mounted over a tower at 45 m height, 20 m above forest
canopy to sample gas (NH3, NO,, HNOg3, HCI, SO,) and aerosol (NH:{, NO;, and sev-
eral ions), together with three tanks for bulk rainfall collection (to analyze NH;, NO;
and ion concentration). The tower was provided with a sonic anemometer to estimate
local wind data. The experiment started in October 2011 and data up to October 2012
are presented. To interpret the observed seasonal trends of measured compounds,
local and regional meteo data and regional satellite fire data were analyzed. The con-
centration of N compounds significantly increased from December to April, during the
drier period, peaking in December-February when North Eastern winds (Harmattan)
were moving dry air masses over the West central African region and the inter tropical
convergence zone (ITCZ) was at its minimum latitude over the equator. This period
also coincided with peaks of fire in the whole region. On the contrary, N concentration
in gas, aerosol and rain decreased from May to October when prevalent winds arrived
from the sea (South-East), during the Monsoon period. Both ionic compositions of rain
and analysis of local wind direction showed a significant and continuous presence of
see-breeze at site. The ionic composition of rain water resulted much closer to see
water and poorer in N compounds from May to October.

15226

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/15225/2013/bgd-10-15225-2013-print.pdf
http://www.biogeosciences-discuss.net/10/15225/2013/bgd-10-15225-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

1 Introduction

Tropical forests have a key role in the terrestrial carbon cycling, acting as the most im-
portant global terrestrial C sink and C reservoir. They are the most productive ecosys-
tems on earth, having the higher rate of gross primary productivity (GPP) per surface
area and accounting for 34 % of the world’s GPP (Beer et al., 2010). The total biomass
stock of tropical forests is estimated to be around 247 Gt C, of which 49 %, 25 % and
26 % is attributed to Latin America, sub-Saharan Africa and South-East Asia, respec-
tively (Saatchi et al., 2011). Although old forest stands are generally considered to be
a minor sink compared to intermediate stage of forest successions, Lewis et al. (2009)
has demonstrated that, in Amazonia, old-growth forests have increased their carbon
storage over recent decades and have hypothesized that this might be a pan-tropical
phenomenon, probably stimulated by the fertilization effect of increased CO, atmo-
spheric concentration. However, several evidences exist that the CO, fertilization effect
is constrained by N availability and N fertilization (Flischer et al., 2013; Reich et al.,
2013). A potential external source for N in forest ecosystems is represented by N de-
positions (Dise et al., 1995; Gundersen et al., 1998; Rennenberg et al., 1999; Wolff
et al., 2010). The source of N deposition can be mainly attributed to combustion of
fossil fuels, agricultural practices, animal breeding and fires (Chen et al., 2010; Gal-
loway et al., 1998; Law et al., 2013). The first three sources might account for most
of the N depositions observed in industrialized regions and have been hypothesized
to stimulate forest growth and C sequestration in Europe (Magnani et al., 2008). In
tropical areas, and in particular in Africa, fires might represent the most relevant atmo-
spheric source of extra N for downwind forest ecosystems. Fire-induced losses of N
by means of volatilization are substantial (Raison et al., 1985; Cook 1994; Bustamante
et al., 2006). Nitric oxide (NO) and ammonia (NH3) are the primary Nr (reactive N)
gases emitted from fires, accounting typically for over 90 % of Nr emissions (Andreae
and Merlet, 2001). These gases are converted to other Nr gases (NO,, HNO3) and to
particulate species (NOj, NH:{, and organic aerosols) by means of multiple reaction
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pathways (Crutzen and Andreae, 1990; Atkinson, 2000). The significant increase of
tropical deforestation rates observed in the last century (Houghton and Hackler, 2006)
as well as the increased use of land for animal breeding (FAOSTAT database), most
often accompanied by the practice of burning in managed pastures, has most probably
increased the input of Nr in tropical regions. This phenomenon alone or in combination
with increased atmospheric concentration of CO, might have stimulated forest growth;
however, few data in tropics are available to quantify N depositions so to test this hy-
pothesis, in particular in the African continent.

Based on previous simulations of N deposition by Chen et al. (2010), which sup-
ported the concept that a significant amount of N, derived from savanna fires, might
be transported equator wards and deposited over tropical forests of the equatorial belt,
we set up an experiment in the National park of Ankasa (Ghana), in a rainforest be-
longing to the west sector of the equatorial African humid forest belt. The work aimed
at: 1. quantifying the magnitude and seasonal variability of concentrations of N com-
pounds, which can be detected as gaseous forms and aerosol (dry nitrogen) or can
be determined in the rainfall (bulk nitrogen), over the studied forest; 2. relating their
seasonal variability to trends of local and regional climatic key variables (winds and
rainfalls) which might support the hypothesis of downward atmospheric transport from
Northern areas; 3. relating observed variations of dry and bulk nitrogen concentration
to variations of fire events in the region.

2 Materials and methods
2.1 Study site

The study was carried out in the Ankasa Wildlife Protected Area (05°16'11.2"N;
02°41'41.55"W) in Ghana, part of a rain forest of about 500 km? which became a
wildlife protected area in 1976. The site is located about 25 km north of the Guinea
coast, slightly north of the equator in West Africa. This location makes the site highly
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exposed to seasonal shifts of the Inter-Tropical Convergence Zone (ITCZ), that is the
area enclosing the globe where the northeast and southeast trade winds converge,
allowing strong atmospheric instability and heavy convective precipitation. The move-
ment of air masses in the West Africa is a function of the position of the Inter Tropical
Convergence Zone (ITCZ), which separates the hot and dry continental air coming
from the Sahara desert (Harmattan) from the cooler, humid maritime air masses (Mon-
soon) originating from the equatorial Atlantic Ocean (Lebel et al., 2009). In summer,
ITCZ moves up to 20° N due to south-western winds associated with the West African
Monsoon (WAM, e.g. Thorncroft et al., 2011). This results in several weeks of rain-
fall in the Sahel region and in the western coasts of North tropical belt. In winter, the
maximum convergence is found just south of the Guinea coastline, forced by a pre-
dominant northeasterly wind flow that transports hot and dry air from the arid northern
regions towards the western coast of central Africa (e.g. Lavaysse et al., 2010). This
general synoptic allows a double rain season in Ankasa, with a main peak between
April and June and a secondary peak in September-October. On average the mean
annual temperature of the site is about 25°C and the mean total annual precipitation is
between 1600-2000 mm. The relative humidity is high throughout the year with daily
peaks around 90 % at night and 75 % in the early afternoon (Hall and Swaine, 1981).

2.2 Experimental set up

Wind data were collected by a Wind-Master Pro sonic anemometer (Gill Instruments
Ltd., UK) placed on the tower at 50 m from soil surface, about 20 m above the canopy
layer while precipitation was measured at half-hour resolution by a rain gauge logged
with a CR-1000 logger (Campbell Scientific Inc., Logan, UA, USA).

In order to quantify dry (gas and aerosol) concentrations a modified DELTA sys-
tem (DEnuder for Long-Term Atmospheric sampling, Sutton et al., 2001) was imple-
mented following guidelines of the Co-operative Programme for Monitoring and Evalu-
ation of the Long-range Transmission of Air Pollutants in Europe (EMEP, EMEP/CCC-
Report 1/95 Revision 1/2001). The system is based on a set of bore glass denuder
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traps through which a laminar flow of air is driven by a pump (pumping rates is 0.3—
0.4Imin'1) set at the end of the system (Ferm, 1979). A first couple of denuders is
coated with citric acid to trap ammonia, a second couple is coated with potassium
hydroxide to collect acid gases, HNO3, SO, and HCI. Aerosols pass through the de-
nuders without reacting and then are collected by a couple of filters placed downstream
of denuders. These filters are treated with the same alkaline (for the collection of the
NHZ) and acid (for the collection of NO, SOi‘, CI™) solutions of denuders (Sutton et
al., 2001, Tang et al., 2009). In addition, the system has been set for sampling nitrogen
dioxide (NO,). A method based on absorption of NO, on sodium iodide and sodium
hydroxide impregnated glass sinter has been developed by Ferm and Sjodin (1993).
NO, absorbed on the filter is reduced to nitrite (NO,) by iodide (EMEP, EMEP/CCC-
Report 1/95 Revision 1/2001). Three DELTA systems were fixed on the tower at 45m,
20 m above the canopy, each system being protected with a rigid plastic box. Stable
sampling rates of 0.38Imin~" are achieved using an air pump with air volumes being
measured by a gas meter. Each system contains a sampling train made up of two de-
nuders for ammonia sampling, two denuders for the gaseous acid sampling, one filter
for the aerosol ammonium sampling, one filter for the acid aerosols sampling and two
glass filters for the sampling of NO,. Denuders and filters for field sampling were pre-
pared together with laboratory and field/transport blanks. The laboratory blanks were
put in labeled grip seal bags and stored in airtight containers in the laboratory where
preparation and analyses are carried out (DISTABIF, Italy). A new set of trains and
field/transport blanks was sent monthly in polyethylene grip seal bag to the study site
and exchanged with the old ones, the field/transport blanks were stored inside the en-
closure of the Delta with the new train.

To quantify the bulk concentrations three collectors with funnel of 16 cm diameter
were continuously exposed for monthly sampling at the same height of the Delta sys-
tems. Biocide (Thymol, 5-methyl-2-[1-methyl]phenol) was added to the collectors to
avoid biological alteration of water quality. Every month 100 ml of sample from each
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collector were filtered (0.45 um) and transferred into tight plastic bottles for the deter-
mination of ion concentrations (EMEP, EMEP/CCC-Report 1/95 Revision 1/2001).

The experiment started on 16 October in 2011, data reported in the paper refer to
monthly sampling till 22 October in 2012.

2.3 Laboratory analyses

Bulk samples and exposed trains were shipped to DiSTABIF, being stored at 4 °C un-
til analysis. Acid-coated denuders and aerosols filters were extracted with 3ml and
4 ml of deionized water, respectively, and analyzed for NH;r using ion chromatogra-
phy (IC) (Dionex DX-120). Carbonate-coated denuders and filters were extracted with
5ml of 0.05% H,0, solution followed by analysis of ions (NO;, SOi_, Cl™) by IC
(Tang et al., 2009). The nitrite formed on the glass filter was extracted with deion-
ized water and triethanolamine and its concentration determined by spectrophotometer
(Shimadzu UV-1601, SHIMADZU EUROPA GmbH) at 540 nm by the Griess method
(EMEP, EMEP/CCC-Report 1/95 Revision 1/2001). lon Chromatography was used for
the determination of the ions (CI~, SOi‘, NO;, Na™, K*, Mg?*, Ca®*) in the bulk collec-
tion (EMEP, EMEP/CCC-Report 1/95 Revision 1/2001) using a Dionex DX-120, which
is a dual column system that performs isocratic ion analyses using conductivity detec-
tion. The dual column system allows switching between two sets of ion exchange resin
packing columns (guard columns and analytical columns for both anions and cations)
and between two eluents. In particular, we have used a lon Pac AS14A and AG14A
guard column for anions, a lon Pac CS14A analytical column and CG14A guard column
for cations, HCO3/CO§' 8 mM buffer and methane sulfonic acid (CH,043S) 0.02 mM to
elute anions and cations, respectively. Two self — regenerating suppressors, positioned
after the columns, have the function of neutralizing the eluents and enhance analyte
conductivity (ASRS ultra 4mm and CSRS ultra 4mm for HCO;/CO;~ and CH,O5S,
respectively). A detector cell model CDM-3, use a thermistor for temperature compen-
sation.
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2.4 Data analyses

Dionex Peaknet 6 software was used to compute ionic concentrations from lon Chro-
matography analysis. The concentrations of each compounds was multiplied for the
extracted volume and divided for the volume measured by the gas meter to obtain
the mean concentrations of each sampling. The amount of a trace gas and aerosol
collected (Q) on a denuder and filter due to air sampling is given by:

Q=(co—Cp)xV (1)

where ¢, is the liquid concentration of an exposed sample, ¢, is the liquid concen-
tration of a blank sample and v is the liquid volume of the extraction solution. The air
concentrations (ya) of the trace gas is then determined as:

xa=Q/V (@)

V is the volume of air sampled, which is calculated from the gas meter readings.

Wind data were processed using the EddyProT'\’I software (LI-COR Inc., Lincoln, NE,
USA). In particular, wind vectors were corrected for the angle of attack error (Nakai
et al., 2006), rotated (tilt correction) by means of the double rotation method (Wilczak
et al., 2001), and screened for the steadiness of horizontal wind (Vickers and Mahrt,
1997).

Meteorological analysis of local and regional data for the period of study was per-
formed using the ERA Interim reanalysis (Berrisford et al., 2009), which provided verti-
cal velocities, meridional and zonal winds. Daily values were filtered through a 30-days
running average, in order to filter out the daily noise. Climatic features in the Ankasa
location are represented by averaging winds and precipitation over a 1.5°by 1.5°area
around the coordinates of the site. Precipitation comes from the Tropical Rainfall Mea-
suring Mission (TRMM, Huffman et al., 2007).

Data of Fire Radiative Power (FRP, in MWatts), which provides information on
the measured radiant heat output of detected fires (NASA FIRMS, 2012 http://
earthdata.nasa.gov/data/near-real-time-data/firms) were analysed for a region centred
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in Ankasa, covering an area with a maximum radius of 1000 kilometres, further divided
into three concentric areas (0—100, 100-300, 300—1000 km radius). Within each area
data for each pixel were first summed to obtain the total MWatts/pixel for each period
corresponding to dry and bulk sampling, then the total Mwatts for each area were calcu-
lated summing all the pixels falling into each area. These data were used to represent
the temporal trend of fires in the area around Ankasa site at different distances for each
sampling period.

2.5 Statistical analyses

A One — way analyses of variance (ANOVA) was used to test significant differences
among sampling dates for each analyzed compound. When the test was significant
an “all pair wise” comparison was carried out based on “Holm — Sidak” method. Tests
for normality and equal variance were performed before running parametric tests. To
measure the strength of the association between pairs of variables the Pearson Product
Moment Correlation was applied.

3 Results
3.1 Annual trends of dry and bulk concentrations

The highest values of NH3, NO, and HNO; concentration in the year of sampling were
observed from the second half of December 2011 to the second half of April 2012
(Fig. 1). The three gases showed a slightly shift in the peak of concentration, which
occurred in December 2011-January 2012 for HNO3, February 2012—March 2012 for
NH; and lasted for longer, from Feb 2012 to May 2012, for NO,. This common trend
was also reflected by the correlation analysis which showed a significant correlation of
NH; with HNO3 (P<0.05, R = 0.717) and NO, (P<0.05, R = 0.798).

The NO; concentration in aerosols peaked between December 2011 and January
2012 and was significantly higher in the period between November 2011 to the first half
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of April 2012, compared with October 2011 and the period between the second half of
April 2012 to the end of October 2012 (Fig. 1). The temporal trend of aerosol NOy
concentration resembled that of HNOg, as in fact the two variables were significantly
correlated (P<0.05, R = 0.912). Aerosol NHZ concentration was less variable in time
compared with NO;. The amount of N present in the aerosol in form of NO; was
generally slightly lower than in form of NH, except at its peak. NH:{ concentration in
aerosol was quite constant except a peak in August 2012.

SO, concentration was generally quite constant with the exception of the period
between mid-November 2011 to Mid-January 2012, when concentration increased sig-
nificantly almost doubling the values observed during the other months (Table 1). HCI
concentration slightly increased between mid-November 2011 to Mid-danuary 2012
and from half June to half September, while CI~ concentration in aerosol showed the
highest values between April and September 2012 (Table 1). Much more variable was
the aerosol concentration of SO>~ (Table 1).

The mineral nitrogen (NO; and NHZ), measured in the bulk depositions, showed
a very high variability between and within sampling events (Fig. 2). Similarly to NO;
measured in aerosol, bulk NO; concentration peaked between mid-December 2011
and mid-January 2012. As a general trend, the concentration of both ions, NHZ and
NOj, in rainfall increased in the period November—January and a decrease afterward
(Fig. 2).

The temporal trends of the other bulk compounds (SO3~, CI”, Na*, Mg®*, Ca’")
showed higher concentration between June and September 2012 (Table 1), with the
exception of K*, which reached the highest concentration between November 2011
and April 2012 and from June to September. With the exception of Na* vs. Ca®* and
CI™ vs. Ca®* the correlation between the different ions measured in rain water was
always significant (P<0.05), the strongest correlation being the one between Na* and
Cl™ (R =0.991, P<0.0001). The weak correlation between K* vs. Na*, and K™ vs. CI~
improved significantly when the data were split into two groups: the first, October 2011—
first half of May 2012 (R = 0,981 and R = 0,889, respectively) and second half of May
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2012—-October 2012 (no significant correlation), which corresponded to sampling dur-
ing periods characterized by low and high rain regime and different prevailing winds
(detailed explanations are given in the next paragraph). The different trend in ionic
composition of rain water in these two distinct periods is well described by the triangu-
lar plots of Fig. 3. In the first period, characterized by prevailing air masses coming from
N-NW, higher NO; and NHZ concentrations in bulk rain water were observed and the
ionic composition of rain water was less similar to sea water compared with the second
period when air masses were mainly coming from the ocean and the concentration of
N in rain was lower.

3.2 Trends of climatic variables and regional fires

Two scales of observation were used to analyze key drivers of transport and deposition,
winds and rainfall: a regional (African continent) and a local (Ankasa) one. In Fig. 4 hor-
izontal winds, at 925 hPa and 850 hPa are reported from October 2011 to November
2012. At 925 hPa winds from North-East (Harmattan) prevailed over the whole West-
ern Africa region from December 2011 to January 2012 (Fig. 4). Winds at 850 hPa
started to blow from North-East at Ankasa latitude, already in October—November
2011, reaching the equator in December 2011-January 2012 and still persisting over
the West African region between February-March 2012. In the same period, in par-
ticular between November 2011 and March 2012, rainfall was mostly concentrated on
the ocean, in front of West Africa coasts (Fig. 5), over the equator. A slight anomaly
was observed in March 2012, when the strength of western monsoon was reduced
compared to February and April. For the rest of the analyzed period the rainfall moved
northward (Fig. 5) on the continent, driven by the Western African monsoon blowing
from the ocean from April to October (Fig. 4). The ITCZ reached its most northerly po-
sition in August 2012. Hence the shift of ITCZ leaded to two periods of maximal cloud
density at Ankasa latitude, May—July and September—October 2012 (Fig. 5).

Zooming down at Ankasa level, TRMM database was used to quantify local pre-
cipitation and vertical wind velocity (1.5° x 1.5°, 30 days averaged value), the latter to
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evidence periods of convection and subsidence activity. Daily values for this year were
filtered through a 30-days running mean, in order to filter out the daily noise. Precipita-
tions (Fig. 6a) showed a bimodal trend. A main and a secondary rainfall peaks occurred
in April-July and September-October, respectively, according to the transits of the West
African Monsoon over the Guinea Coast and to the vertical wind velocity. The verti-
cal wind velocity at 500 hPa was negative during most of the year, denoting uprising
air motion associated with convective activity (Fig 6b). However, from November to
March slightly positive (subsidence) values were recorded and from mid-July to end of
September values were close to zero.

The amount of rain water sampled on the tower (bulk data) was about 30 % higher
than data acquired from TRMM dataset, although a good correlation was found (R =
0.774, P = 0.00865) between the two variables. Wind data from the sonic anemome-
ter located on the top of the Ankasa tower showed that, accordingly with TRMM data,
the South West winds prevailed during most of the year, reaching the maximum in
July—September (Fig. 7). Northern winds (N, NE and NW) represented only a small
percentage of the monthly winds at this observation height and were recorded in Octo-
ber 2011—-February 2012 and April-June 2012 (Fig. 7).

The analysis of radiant heat from fires shows that, as expected, maximum values
were reached during the drier months (Fig. 8). Fire Radiative Power peaked in Decem-
ber (3.5 x 10° MW) in the area at 300—-1000 Km far from Ankasa forest, in February
(8 x 10* MW) in the area at 300—100 Km and in March (5 x 10°MW) in the area 100—
0Km far from Ankasa (Fig. 8). The three areas differed not only for the peaking month
and the strength of the peak but also for the total radiant heat per square meter which
was 8.4 MW km'z, 2.6 MW km™2 and 1.3 MW km™2 for the areas located at 1000-300,
300-100 and 100-0 km from Ankasa, respectively.
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4 Discussion

The West African climate (and its variability) is a function of the position of the Intertrop-
ical Convergence Zone (ITCZ), the frontier between cool and humid marine air mass
(monsoon) and warm and dry Saharan air mass (Harmattan) (Lebel et al., 2009). The
seasonality of fires and rainfalls in the area is related to these fluctuations. When the
ITCZ reaches its most southerly point (<5° N), the whole West African region is charac-
terized by a minimum amount of rainfalls. In fact, in the period between mid November
2011 and mid April 2012, 372 mm of rainwater were measured in the Ankasa site. In the
Lamto site (the wet savanna region of lvory Coast 270 km NW from Ankasa) the mean
dry season rainfall reported on average is even lower, 96 mm (Yoboue et al., 2005). In
the months from April to mid-November 2012 the ITCZ was moving over continental
land of the Western African region northward and back, reaching its maximum latitude
in August. Over this whole period, when monsoon winds were strongly prevailing at
regional scale, 1610 mm of rainwater were measured at Ankasa. The year 2011-2012
was rather dry in Ankasa, compared with the average of last 10 years (TRMM data).
The largest negative anomaly was from March to the end of April 2012, at the beginning
of the most intense rain period, when precipitation amounts resulted approximately half
the average values reported for the last 10 years (TRMM database). The vertical wind
pattern was coherent with this precipitation pattern, including the described anomaly. In
fact, vertical wind velocities showed subsidence from December 2011 to March 2012,
then fluctuated around the zero till May, when convection should have already triggered
(with consequent lower precipitations than expected), reached a maximum of convec-
tion in July, coinciding with the peak of precipitation (Fig. 6a, b). Overall, the weak
convective activity recorded in year 2012 might be most likely related to the persisting
cold anomaly characterizing sea surface temperature (SST) in the Southern tropical
Atlantic during most of 2012. Evidence has been provided for the existence of a strong
correlation between ocean temperature in this region and rainfall in the coast of Guinea
(Joly and Voldoire, 2010).
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The period, August—September 2012 was characterized by a drastic rainfall drop,
which corresponded to the period when the ITCZ was at its most Northerly position
(Figs. 4 and 5); in this period vertical wind velocities at Ankasa indicated air subsidence
(Fig. 6b).

The shifting between wet periods, during which biomass is produced, and drier pe-
riods during which the biomass is turned into highly flammable material, creates con-
ditions for high incidence of fires in the African region which goes from sub-Sahara to
equatorial limits. Africa is in fact a fire dominated continent, where about 40 % of all
fires of the world occur (Koppman, 2005). The most intense fire period in the North-
ern African hemisphere typically occurs in November—February (Hao and Liu, 1994;
Cooke et al, 1996). In accordance, data for year 2011-2012 showed that fire started in
November 2011 and lasted till February 2012 in the savanna belt comprised between
300 and 1000 km from Ankasa. Closer to Ankasa (<300 km) both the fire peak and end
of fire season were shifted later in the season. The overall fire intensity decreased go-
ing from savannas to rain forest areas (Fig. 8), probably due to more humid conditions
found southwards which only allowed for occurrence of fire of moderate strength.

Galanter et al. (2000) have shown that more than 75 % of the atmospheric NO, found
in the northern savanna’s belt of Africa is the result of biomass burning that occurs from
December to February. Although NO is the main product of biomass burning (Andreae
and Merlet, 2001), NO can be quickly transformed to NO, and transported at long
distances (Crutzen and Andreae, 1990; Atkinson, 2000). At Ankasa, NO, concentra-
tions increased from November to April (Fig. 1), corresponding to the whole period of
fires occurrence in the Northern African savanna and forest belt (Fig. 8). Two peaks of
NO, concentrations were recorded, one in February and one in April 2012. The first
could be explained by fire peaks recorded at 300—1000 km distance (December) and
at 300-100 km (February) which might have produced N compounds, the long range
transport of which might have partially overlapped at lower latitudes (close to Ankasa).
The second NO, peak might instead have coincided with several fire events which were
registered near the Ankasa Park in April 2012. The concentration of NO, measured at
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Ankasa during the peak of the fire season (Fig. 1) are comparable to concentrations
reported in a rain forest of Southern Cameroon (0.80 pug m'3) and in a northwest Con-
golese equatorial forest (1.3 ug m‘3) during the burning season (Adon et al., 2010). In
the period corresponding to the fire season, to lower rainfall and to subsidence of air
masses at the Ankasa site, higher values of HNOz; and NO; in aerosols were recorded
as well. HNO; is the result of NO, oxidation and usually is deposited in a wet or dry
from within 24 hours from its formation (Huebert and Robert, 1985), while NO; partic-
ulate formation can be due to the reaction of HNO5 with atmospheric base compounds
(Seinfeld and Pandis, 1998). This is in accordance with observed values of NO; in
aerosols which were significantly correlated with HNO5 concentrations.

Biomass burning (forest, grassland, and agricultural wastes) is also a significant
source of SO, to the atmosphere (Bates et al., 1992; Arndt et al., 1997). In fact values
of SO, concentration at Ankasa site between November and January were twice (up to
0.39ug m_s) the amount measured in the wetter months (0.17 ug m_3). A comparable
increment for both NO, and SO, atmospheric concentrations was measured by Cam-
pos et al. (2010) using passive sampling in a forest area of the Amazon region, at the
onset of the dry and fire season.

Equally to the other gaseous compounds also NH; concentrations increased signifi-
cantly between November 2011 and April 2012 at Ankasa (Fig. 1). NH; is the primary
reactive nitrogen emitted by biomass burning (Andreae and Merlet, 2001). It has a
short lifetime in the atmosphere (7 =1-5 days or less) and a relatively high dry deposi-
tion velocity, which causes a subsequent substantial fraction (20—40 %) to be deposited
not far from its source (Aneja et al., 2001). The statistically significant increase of NH;
concentration at Ankasa recorded between February and April 2012, coincided with the
peak of fire occurrence within an area of 300 km from Ankasa (Fig. 8). Values of NH;
atmospheric concentrations found in this study are about three to ten times lower than
those, measured by Rondon and Sanhueza (1990) with active sampling in a woodland
savannah in Venezuela (between the Amazon Forest and the Caribbean Sea) following
a biomass burning, while the opposite is true for NO, which was three times higher in
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the Ankasa site. This difference might be explained also in terms of distance of the fires
from the sampling site, as in the Venezuelan study fires were closer to the sampling
station, which probably favored higher NH; depositions, while NO; in aerosol, which
is considered to be a significant component of long-range transported Nr in the atmo-
sphere (Hertel et al., 2006), might have deposited at higher distance from the sampling
station.

Taking into account local and regional wind circulation and fire data we can try to
explain most of temporal variability of concentration of N compounds, observed at
Ankasa. Considering a mean wind velocity of about 4ms™' the air masses from dif-
ferent potential sources located in the area from 300 to 1000 Km far from Ankasa
would take about 1 to 3 days to reach the Ankasa tower where, if conditions are favor-
able, vertical descendant air movements (subsidence) could then deposit at Ankasa the
compounds produced during the biomass burning. The winds at 925 hPa which blew
from NE in the period November—January might hence have favored the long range
transport of HNO3; and NO; generated from fires in the savanna belt, which peaked
around December 2011. As the peak of the fire radiative power came closer to Ankasa
also NH; concentration started to rise, which corresponded to the period February—
April 2012. The 2012 anomaly which created drier conditions in April-May, allowed for
a prolonged fire season in the area close to Ankasa (Fig. 8), most probably leading to
a second peak of NO, in April and high values of NH3 concentration still observed in
April.

The analysis of regional and, most of all, of local winds showed that a significant
component of winds coming from S-SE was always present at Ankasa. This effect can
be likely attributed to the presence of sea-breezes, long recognized to be an active
feature along the Gulf of Guinea coast (Cautenet et al., 1989). The frequency of occur-
rence of sea breezes shows two regimes characterized by a main peak in the winter
and a secondary maximum in May, strongly interacting with the two phases of West
African Monsoon regime (Gbambie and Stein, 2012). Sea breezes mainly affect the
lower atmosphere layers thus counteracting NE winds at 925 hPa, which prevail only in
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Dec-Jan at this height. The important role of see-breeze at Ankasa site was confirmed
by the analyses of ions in rain water, as in fact, a constant presence of ions with a
clear marine origin (Yoboue et al. 2005), such as chloride or sodium, was recorded.
The ionic composition of the rainfall (Fig. 3) showed that during the monsoon period,
when air masses coming from the ocean brought strong rainfall, the ionic concentration
was closer to the composition found in marine water and the amount of nitrogen com-
pounds was minimal whereas the opposite was true during the drier season (Lobert et
al., 1990; Delmas et al., 1995; Brocard et al., 1996).

5 Conclusions

Although a direct proof of N origin cannot be provided, this study shows that there is a
clear seasonality in the atmospheric concentration of N compounds over this Western
Africa rainforest, which is coherent with the dynamics of local and regional meteorolog-
ical drivers and fire occurrence. The analyses of the whole dataset, supports the idea
that fires from the savannah belt might represent a source of N for tropical rain forests
located in Southern position, thanks to the regional wind circulation. The next step to
understand the potential impact of this phenomenon on forest productivity is to quantify
the magnitude of N deposition fluxes over the year.
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Table 1. Concentration of compounds in dry sampling, gases (bold) and aerosols (italic), and
bulk sampling (rainfall). In brackets is reported one standard deviation (n = 3). Each cell value
refers to a sampling period which starts at the date indicated in the column heading and ends
at the date indicated in the subsequent column.

Dry (ugm~)
Date  16/10/11 194141  16/1212 180112  17/0242  19/03/12  14/04/12  14/0512  17/06/12  18/0712 11/09/12-22/10/12
HCl 0.22(0.07) 0.37(0.08) 0.35(0.04) 0.20(0.14) 0.17(0.03) 0.20(0.09) 0.13(0.02) 0.25(0.05) 0.32(0.03) 0.35(0.06)  0.18 (0.08)
SO, 021(0) 040(0.03) 0.30(0.05) 0.19(0.03) 0.19(0.02) 0.19(0.04) 020(0.03) 0.20(0.03) 022(0)  022(0) 0.30 (0)
Cr 091(0.07) 1.13(0.30) 1.19(0.13) 0.87(0.18) 1.06(0.13) 1.28(0.13) 1.34(0.25) 1.41(0.17) 2.02(0.84) 1.33(0.22) 1.26 (0.18)
SCP 048(0.01) 1.10(0.27) 1.66(0.28) 1.39(0.35) 105(0.02) 0.83(0.25) 0.68(0.14) 080(0.25) 2.01(0.98) 145(0.17) 0.9 (0.05)

Bulk (mg/)
Date  16/10/11 194141  16M2M2  18/0112  17/0212  19/0312 1400412  14/05/12  17/0612 1800712  7/09/12-1210/12
CI  2.36(055) 3.63(0.62) 3.42(051) 4.59(2.65) 10.94(6.82) 3.52(1.95) 1.80(0.31) 1.70(0.55) 30.0(24.0) 18.1(6.3) 9.13 (4.61)
S02° 091(0.18) 1.60(0.20) 2.26(0.23) 1.80(0.89) 3.92(2.00) 1.23(0.55) 0.53(0.06) 052(0.13) 9.88(7.34) 4.98(152) 217 (0.89)
Na® 1.60(0.38) 2.40(0.52) 2.38(0.48) 1.90(0.86) 5.31(3.26) 290(1.50) 1.51(0.23) 1.39(0.33) 20.3(164) 12.6(5.2) 6.50 (2.54)
K" 031(008) 073(0.39) 0.70(0.21) 052(0.11) 1.88(1.03) 1.17(0.73) 0.26(0.03) 021(0.07) 1.77(1.12) 2.39(2.89)  0.90 (0.59)
Mg®* 0.15(0.03) 025(0.06) 0.32(0.04) 059(052) 0.84(0.43) 0.28(0.08) 0.14(0.02) 0.12(0.04) 2.26(1.78) 1.10(0.41) 052 (0.27)
Ca® 053(0.07) 0.84(006) 1.31(0.11) 1.35(0.38) 356(1.99) 1.26(0.39) 0.63(0.06) 0.42(0.04) 657(5.39) 1.69(0.37)  0.69 (0.27)
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Fig. 1. Temporal trends of (A) gaseous (NH; NO,, HNO3) and (B) aerosols (NH; and NO;)
nitrogen compound concentrations measured over the Ankasa tower. Bars represent one stan-

dard deviation.
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Fig. 3. Triangular diagrams of relative anions (a) and cations (b) concentrations (mmoll™")
measured in the bulk samplings. Data are divided into two periods corresponding to lower
(second half of October 2011 to beginning of May 2012) and higher rain intensity (second half
May to beginning of October 2012) and typical ionic values for sea water are also reported.
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Fig. 5. Total monthly precipitations (mm d’1) calculated over the African continent from October
2011 to September 2012 from TRMM database.
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Fig. 6. (A) Total precipitation (nmd~') and (B) vertical velocities at 500 hPa calculated from
TRMM database at Ankasa location as 30 days running mean, for the periods between Novem-
ber 2011 and September 2012. Positive values indicate subsidence, negative values denote

convection.
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Fig. 7. Polar plots of wind direction data, collected by means of a 3-D sonic anemometer placed
at 50m from the soil (20m above canopy) on the Ankasa tower. Radius units express the
percentage contribution of wind data to eight wind direction sectors (45° degree each).
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