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Abstract.

Biogenic fluxes from soil at a local and regionedle are crucial to study air pollution and climatere we present field
measurements of soil fluxes of nitric oxide (NOYlaammonia (NH) observed over four different land cover types, hare
soil, grassland, maize field and forest, at annidlaural site in Benin, West Africa, during the DBWA field campaign in
June and July 2016. At the regional scale, urbéinizand a massive growth in population in Wesidsthas been causing a
strong increase in anthropogenic emissions. Anthgepic pollutants are transported inland and natbdwrom the mega
cities located on the coast, where the reactioh hithgenic emissions may lead to enhanced ozorduption outside urban
areas, as well as secondary organic aerosol fasmatiith detrimental effects on humans, animals$unsh vegetation and
crops. We observe NO fluxes up to 48.05 ngRigh NO fluxes averaged over all land cover types4ar® + 5.59 ngN
s*, maximum soil emissions of NO are recorded ovee lsail. NH is dominated by deposition for all land cover typiiH;
fluxes range between -6.59 and 4.96 ngRish NH; fluxes averaged over all land cover types arel-8.9.27 ngN rf s*
and maximum Nkl deposition is measured over bare soil. The obensashow high spatial variability even for thersa
soil type, same day and same meteorological camditiWe compare point daily average measuremertoémissions
recorded during the field campaign with those sated by GEOS-Chem (Goddard Earth Observing Systeemistry
Model) for the same site and find good agreemenrdnl attempt to quantify NO emissions at the regliand national scale,
we also provide a tentative estimate of total NQOssions for the entire country of Benin for the ritoof July using two

distinct methods: upscaling point measurementsusing the GEOS-Chem model. The two methods givélaimesults:



1.17 £ 0.6 GgN/month and 1.44 GgN/month, respelstiviotal NH; deposition estimated by upscaling point measurésnen
for the month of July is 0.21 GgN/month.
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1 Introduction

Biogenic soil fluxes of nitric oxide (NO) and amni@ifNHs) play an important role on tropospheric chemidktjric Oxide
emitted by soil influences the concentration ofagien oxides (N¢) in the atmosphere, consequently modifying thesaif
ozone (Q) production, where ©is a pollutant, harmful to humans and plants, alsd a greenhouse gas (Steinkamp et al.,
2009). The production and consumption of NO in &ilegulated by microbial activity, mainly nitichtion/denitrification
processes, and chemical reactions (Pilegaard ,e2@13). Measurements using soil chambers in tsle fand laboratory
experiments show that nitrification/denitrificatioand consequently NO emissions, vary greatly wiimate and soil
conditions, in particular they are strongly cortethwith nitrogen (N) availability, temperature aswil moisture, making
soil NO emissions dependent on regional temperatndeprecipitation patterns, and fertilizer managetrpractices (e.g.,
Bouwman et al., 2002; Meixner and Yang, 2006; Hudetzal., 2010).

Soil NO emissions are about 20% of total NO soutoethe atmosphere (IPCC, 2007) and almost of #mesorder of
magnitude of fossil fuel NO emissions. Soil emiasaf biogenic NO plays a prominent role in the oagil atmospheric
chemistry of non-urbanized areas, where anthrogogemissions are negligible (Pilegaard, 2013). Tten inputs of N
compounds onto semi arid uncultivated soils, lie savanna ecosystem, are biological nitrogenidimaatmospheric wet
and dry deposition and lightning. NO fluxes are sidared as one way only, even if NO depositiontexis very specific
conditions (Grote et al., 2009).

Soil N losses towards the atmosphere also involt®. N'he largest source of NHemissions is agriculture, via the
application of synthetic fertilizer. When releasetio the atmosphere, NHncreases the level of air pollution. In the
atmosphere NH has a relatively short life time of less than fidtays and high deposition rates, it is convertdd in
ammonium (NH") aerosols, which has a life time of the orderifdé€n days, can travel long distances and itlisvent for
air quality and climate (Fuzzi et al., 2015). Thelange of soil NKlis bi-directional as it also includes depositidiH;
returned to the surface by deposition can potéyptiause eutrophication, reducing biodiversity avater quality (Sutton et
al., 2009a).

The net flux of NH is the combination of different exchange pathwagtveen plant (cuticle and stomata), soil, leaédit

and atmosphere. The overall BNHux for a given surface may switch from net endasto net deposition at sub-hourly,
diurnal and seasonal scales. Moreoverg&h be rapidly deposited onto cuticles due tbigs solubility (e.g. Sutton et al.,
2009b; Massad et al., 2010; Loubet et al., 2012).
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The direction and magnitude of Nidxchanges depend on the difference in; ehcentration between the canopy and the
atmosphere, and on a large range of environmeatédrfs, in particular air humidity, which influensarface wetness, and
soil moisture conditions, but also vegetation coand soil characteristics. The relationships betwR® and NH soil
fluxes have been identified through the ammoniumtexat in the soil (McCalley and Sparks, 2008). Amiaois mainly
emitted by agricultural activities, and also by thecomposition of litter and volatilization of arafrexcreta (Sutton et al.,
2009b; Massad et al., 2010).

Soil fluxes in West Africa have only been meastuirec limited number of studies due to the challaggéexperimental
conditions (remote sites, no power supply, verytbatperatures), and mainly with manual chamberniigctes rather than
more complex micrometeorological techniques (Setcal., 1998, Le Roux et al. 1995 for NO, Delorakt 2017 for NO
and NH). However, tropical savanna has been recognizednasof the ecosystems characterized by the lafg€st

emissions (Davidson and Kingerlee, 1997, Hudmaah. e2012).

Anthropogenic emissions of pollutants from megaesitocated on the Guinean coast in South Westéfhiave been
increasing, and are likely to keep increasing eribxt decades, due to a strong anthropogenicysesedand use change and
urbanization. When transported northward on thécAfr continent, polluted air masses meet biogemis&ons from rural
areas which contributes to increaseglddd secondary organic aerosol production, in héghperature and solar radiation

conditions, highly favorable to enhance photoch&mi&nippertz et al., 2015a, 2015b).

The objectives of this study are to quantify shikés of NO and NEifor the different land cover types typical of nuvdest
Africa, suggest a tentative strategy to scale poiesurements in the field to ecosystem and largipnal scale, and

provide data for inventories and model evaluatmmiprove air quality and climate modelling.

In this paper we present the soil fluxes of NO &l measured in a rural site near the city of SavéjimBaNest Africa,
during the DACCIWA (Dynamics-Aerosol-Chemistry-Ctbinteractions in West Africa) field campaign whilsted from
14" June to 30 July 2016 (wet season). The DACCIWA campaign wasl l® investigate the possible role of local air
pollution on climate change in West Africa, focusion atmospheric composition, air pollution andudeaerosol
interactions over several sites in the region (ieitz et al., 2015a, 2015b, 2017). The Save sifgars of the savanna
ecosystem, where grassland is intercut with croylsdegraded forest. Biogenic soil fluxes measurésnerre taken using
the manual chamber technique, which is robust dmdduced costs (Delon et al., 2017). Along witbsth observations we
also present measurements of soil characteristits raeteorological variables from the same site. Mé&ude the
comparison of measured NO soil emissions with tredsrilated by the Hudman et al. (2012) processebaszdel for NO

soil emission implemented into GEOS-Chem.



2 Material and method
100 2.1 Sitedescription

The Save site for ground-based observations igddda a hinterland area of Benin, 6 km south viesh the city of Save
(8°02'03" N, 2°29'11" E, 166 m a.s.l.). The Savégnd-based observation site is located within tbbéssite managed by
the Institut National des Recherches Agricoles éniB (INRAB).

105 The site is characterized by a wet savanna ecanydibe climate of the region is Sudano-Guineanh\itrainy season
from March to October and a dry season from Noverbéebruary (Michels et al., 2000). The averageual rainfall is
about 1100 mm (Savé weather station, data averfaged1969 to 2004, Michels et al., 2000 and Saidbal., 2004) and
the average yearly temperature is about 27.5 °@ lkitte variation from year to year (data averadexn 1984 to 2004,
Saidou et al., 2004). Average minimum temperatoased on 1969-1990 data, is 21.5 °C and mean maxii@operature is

110 35.5°C.

The tree coverage in the Save region is low witlstned the land occupied by subsistence agricubumek grassland (CILSS,
2016). Four land cover types are identified atdhservation site: bare soil, grassland, maize field degraded forest. Bare
soil is defined as a patch of land of minimum fiwefive meters wide, without vegetation growinghanging over the plot.

115 Ground photographs of the four land cover typeshoavn in Fig.1.

The most abundant tree species next to the graksitand in the forest arAnacardium occidentale, Daniellia oliveri,
and Pterocarpus erinaceus; while the most abundant tree species next to thierfgeld are:Mangifera indica, Cocos
nucifera, Carica papaya L., Tectona grandis, and Azadirachta indica. The herbaceous vegetation is dominatedChepme
120 sp.,Crotalaria sp.,Mucuna sp., Imperata cylindrica and Rhynchelytrum repens next to the grassland site and in the forest,
and Commelina benghalensis, Euphorbia sp.,Boerhavia diffusa, Phyllanthus amarus, Digitaria horizontalis by maize field.
In the maize field, the main speci€ga Mays, is intercropped wittBesamum indicum and, to a lesser extent, with other
speciesDioscorea sp.,Manihot esculenta, Arachis hypogaea, Vigna unguiculata, Gossypium sp., Sorghum sp. andSolanum
lycopersicum. The maize field was not treated with mineralifiedr. The only livestock consist of a few dozexisiomestic

125 fowls belonging to small subsistence-oriented farfakms, mainly grazing in the maize field.

At the Saveé site, the soail is sandy, with 87% afdsand 4.1% of clay (the rest being silt) for thB 6m horizon. Surface pH
ranges from 6.32 to 8.46, depending on the placerevthe measurement is done. Mean meteorologichhaarage soil
characteristics for the observation site are reygbim Table 1, dominant vegetation species andcswiiposition for each

130 land cover type are given in Table 2 and 3, re$pagt Sunrise and sunset UTC time at the beginiing at the end of the
campaign are: 05:33 and 18:08 o' Hdine, and 05:42 and 18:11 of"3ily.

5
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2.2 Sampling sites

The samples were taken at the four land cover tgipa® soil, grassland, maize field and forestg lmtation per day. Two
to three samplings spots were chosen each dayébr lecation, collecting eight to twenty-five flixeasurements for both
NO and NH soil fluxes each day. Each location was sampledndudaytime, approximately from 7 a.m. to 6 p.m.,
alternating measurements at the four different lemeer types from one day to the other, over theenampaign. Bare soil
and the maize field were sampled for both NO and; Bitil fluxes on eight different, generally non-conigéve, days,

grassland on ten days, and the forest site ondiffierent days.

2.3 Chamber flux measurements

The technique used to measure NO and Bltil fluxes makes use of a Thermoscientific 1 HigimoFischer Scientific, MA,
USA) to measure the concentration of NO and; itilough chemiluminescence, and the closed dynah@mber technique

to calculate fluxes. The details of this techniqoe fully described in Delon et al. (2017).

The remoteness of the study site limited instafatf permanent structures and we were unable ttinsie our chamber
measurements, thus all measurements were made ligamba instrument was powered by a generator (>tt0away) and
carried around on a wheeled-table to reach thetitota of the four soil types where the NO and ;Nidil fluxes were
measured. The analyzer was connected via a Taflom tb the Teflon chamber which was put on the npiaio detect the
fluxes. The external sides of the chamber were reove/ith sand or soil to isolate it during the maasent. The soil under
the chamber was left unperturbed. Adjustments waden in order to make sure the analyzer did rexttréemperatures that

would invalidate the measurements.

The calibration of the NO sensor of the 17i analywas made before and after the campaign, withferelece NO air
mixture, i.e. NO in N diluted with zero air. Two post-campaign calibva8 were made: a first one to validate the efficjen
of the NQ converter using a reference dilution of Ni@ zero air, and a second one to validate theieffcy of the NH
converterwith a NH/N, mixture diluted in pure air (Alphagaz 1, Airliqall The zero air for NO, NQcalibration was
obtained by filtering ambient air, previously pas®m charcoal and desiccant cartridges. The diluio all the calibration
experiments was made with the 146i module (Thersuifar Scientific, MA, USA) and the dilution moduégjuipped with
certified mass flow meters, on board of the ATR-Asearch aircraft during an inter-calibration wibther NQ
instrumentation of the DACCIWA campaign (i.e. thestrumentation on the Saveé measurement site towedr the
instrumentation on the ATR-42 aircraft; Brito et,a017, Derrien et al., 2016). Reference NO, ar@, Mere ISO
6141:2015 certified at 8.73 and 8.58 ppm for NOpteeand after the campaign, respectively, and p@@ for NQ, both
with 5% precision. Reference NHnixture was certified at 14.78 ppm with 2% premisfor NH;. Multipoint (at least 4
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points) calibrations between 50 to 250 ppb wereedtm ensure the linearity of the response, obtginiegression

coefficients over 0.9993 for both NO and N®@he global precision of the analyzer is +0.4 ppb.

The external volume of the chamber was 40 cmx202@om. The useful volume was 18x38x18 cdue to the thickness
of the Teflon walls. The air inlet is located orewside of the chamber, where a small vent of 4 mdiameter provided the
pressure equilibrium between the inside and outeidhe chamber. The air outlet on the other sglednnected to the
analyzer with a 4 m Teflon tube. The chamber iginapusly swept with an air flow of 0.7 L mirinsured by the instrument
pump, and the air flow is controlled inside the lgper by a flow meter. The air residence time i tthamber is

approximately 20 min (Volume/flow), and the chamiemaintained in place for 10 min. The Teflon chamwas cleaned
(with a dry clean paper cloth) at the beginninggath day of measurement, and during the day wteedehosition of sand

could potentially interfere with the measurements.

The opaque walls minimize photochemical reactiorssde the chamber, which are therefore considesetkgligible. The
chamber is placed on the soil for 10 min. Aftemiid\, the chamber is turned over to let the analpeeswept by ambient air

for 5 min, then the chamber is placed again orstlileto begin a new cycle.

The calculation of the fluxes are based on theedodynamic chamber technique, with the followingumsptions: the
concentration in the chamber is equal to the canaton leaving the chamber to the analyzer, namdijon occurs onto the
Teflon walls chamber as Vaittinen et al. (2013, esférences therein) have demonstrated that thar@titn of ammonia on
Teflon is negligible; Moreover, experimental tesith and without the Teflon chamber attached toahalyzer were made
in ambient air to verify that deposition on the lwaif the Teflon chamber is negligible. The resoltghis experiment are
reported in Appendix A. Photochemical reactionthim gas phase inside the chamber are limited, thinthe opaque walls.

All the details of the calculation and the chamibesign are given in Delon et al. (2017). In brief:

_ Vv dCy
A, ot

1)

Where F is the flux (NO or NH) in nmol m? s*, 5Cx is the concentration variation in the chamberrmhm?® during the
temporal intervabt. A;=0.0684 m is the surface of the ground covered by the chanws0.0123 ni is the volume of the

chamber. This equation is similar to the one iniBson et al. (1990). The flux is then convertedigdl ni’s™.

The linear regression is calculated over a 1000 Stime interval after the installation of theantber on soil for both NO

and NH. Based on the methodology developed in Delon.gR8lL7), the dilution effect due to mixing of odes air in the



195

200

205

210

215

220

225

chamber is calculated for each flux separatelyiand average 6.7(x1.6) % for NO and 7.7(x1.7) %NdH;. Considering
the precision of the analyzer (+0.4 ppbv), the ckige limit is 0.4 ngN rif s* for NO and NH fluxes.

The chemical reactions inside the chamber canmeterNO consumption, and consequently an underastmof the NO
fluxes calculated with our method. This underestiomais taken into account and calculated followthg method by Pape
et al. (2009) with the relation k:-[NOJ-{PIn this relation k is the temperature-dependeaction rate constant (Pape et al.,
2009, Atkinson et al., 2004), [NO] is measured iy Thermoscientific 17i at soil level just beforesjioning the chamber
for the measurement of soil fluxes, and][@t soil level is derived by measurements of N@ BI®, at soil level made with
the Thermoscientific 17i and measurements of NO; &@ Q taken on an 8 m high tower. On the 8 m high toné&,and
NO, were measured with a Model 42C TracelLevel NOANOx by Thermo-environmental Instruments Inc., lwated
with the same method as the Thermoscientific 1di&ith 0.05 ppb (2-sigma) detection limit. Ozoneswaeasured on the
tower with a Model 49i Ozone Analyzer by Thermo4eowmental Instruments Inc. with 1 ppb detectioniti The Model
49i Ozone Analyzer was calibrated by comparisom &iThermo Scientific Model 49PS reference instnumehe reference
instrument is sent twice a year to the French Latoire national d’Essais (LNE) for comparison vatiNational Institute of
Standards and technology (NIST). All data on theetowere sampled at 10 seconds;][&t soil level was then calculated
considering the diurnal steady state of the reastiéescribed in equation (2) and (3), using equg#y:

NO + O; —» NO, + O, )
NO, —» NO + O ©))
NO1,,[03], [NO,1s
0], = [NO1[03]u [NOy s (4)

[NO;ly  [NO]g

Where [} is the concentration at the soil level angi§]the concentration measured on the tower. lrtlogion, we correct
NO fluxes for the underestimation of NO fluxes daehemical reactions inside the chamber with v@haeging between 0

and 63% (8% on average for the whole campaign).

As studied by Kristensen et al. (2010a) and Kristenet al. (2010b), {deposition can decreasg €bncentration close to
soil surface further. However, considering thato®@ncentrations calculated near the soil are ajready low (1 ppb at soil
level compared to 24 ppb at 8 m, averaged for titeeemeasurement campaign); @eposition has been considered of
secondary importance in this calculation and haseen included. If @deposition were to be included it would possibly
decrease the correction of NO fluxes and conselyuslightly decrease NO emissions in a negligiblegortion compared
to the correction already applied for the chemieaktions inside the chamber.

The measurements have not been corrected fromsébpoiteraction with particulate matter.



2.4 Data quality check

A quality check method based on the following ciités used to select observed fluxes (Delon eRall 7):
- The coefficient of determination for linear regs®n R has to be higher than 0.4 (considered as a significorrelation)
for NH; fluxes, and higher than 0.8 for NO fluxes.

230 - Aflux error was estimated by calculating thepgission of points around the linear regressiordpel According to this
method, the dispersion for NO flux calculation @rprised between 5 and 12%, and the dispersioNHarflux calculation
is comprised between 15 and 20%.
- The concentration difference between the lastthadirst NH, measurement point has to be more than 0.4 ppbitisépns
of the analyzer). Rwas generally lower than 0.4 for concentratiofedénces below 0.4 ppb.

235 Finally, 351/488 (72%) NEflux measurements and 459/488 (94%) NO flux measents are considered valid.

2.5 Meteorological station

Continuous in situ observations of meteorologicaiiables, including air and soil temperature andstaee, rainfall, wind
speed, wind direction, radiation and energy balacm®mponents were taken at the Save site as patteoDACCIWA
campaign. Data are provided as 1 min averagest fapar energy fluxes which are given as 30 min ages (Derrien et al.,
240 2016, Kohler et al., 2016, Handwerker et al., 200&ser et al., 2016). An overview of the complsde of instrumentation
and measurements is given by Brooks et al. (200fjle a summary of the available ground-based nmnetegical
observations is given by Kalthoff et al. (2017).this study we present soil moisture measured mdistinct locations of
the Save site by the Karlsruhe Institute of Tecbgpl(KIT) instrumentation at 5cm depth on grassjaantd average soil
moisture, between 0 and 30 cm, measured by theelsiigé Paul Sabatier (UPS) instrumentation in tlaézenfield. Details
245 of the instrumentation is given by Brooks et aDY2). We include soil moisture measured with bgtstems as the inter-

comparison of the two methods is out of the scdyihis study.

2.6 Soil characteristics (texture, pH, N content)

Soil samples were collected with a cylinder of knowolume (290 crf) during the measurement campaign to analyze the
biogeochemical characteristics of the site. Saihgas (0-5 cm) were taken for each land cover tyhere NO and NK
250 fluxes were measured. Fifteen samples were cotlegtahe four different land cover types, threddiar times during the

campaign.

Samples were dried in ambient conditions (meantilag-temperature is approximately 26 °C, Kalthdfaak, 2017), and
stored in the dark. After drying, the weight of @mples was measured to determine the bulk defaity dry soil mass /

255 total volume), which was found to be 1.24 +0.14g°ohssuming a density of soil particles)(@f 2.6 g cn? , the Water
Filled Pore Space (WFPS) is calculated with thevfaihg equation 5:



WFPS = SM/(1-¢d)) . (5)
where SM is soil moisture in %

260 Soil samples were analyzed for the determinatiotexture, ammonium concentrations [INH C/N ratio, total C, total N,
and pH at the GALYS Laboratoire (http://www.galpdbratoire.fr, NF EN ISO/CEI 17025: 2005). The gsseb were
performed two months after sampling. We assume thatammonium content in litter or soils is not nfied by
volatilization or chemical transformation duringaisport and storage, because of the very low soiktare level in
samples. Indeed, when collected, WFPS of the sanmpleged between 6 and 14% (mean=8.5+3.5%) andesaerature

265 between 35 and 38 °C (data obtained from the dag¢sbdescribed in Brooks et al., 2017). Bai et24118, and references
therein) have found that significant changes irnfitation and net mineralization (influencing taenmonium content) may
occur when soil temperature raises until 35°C @hgmum for nitrification), for optimal soil moiste conditions ( WFPS
=20%, Oswald et al., 2013). In the present study,tesmperatures when sampling were equal or albbeeptimum, and
WFPS was below the optimum, reducing the nitrifmatefficiency and the change in ammonium cont8etveral authors

270 have published results of ammonium concentratioeasured in soils dried in ambient air. For examplek et al., (2006)
collected top soil after the wet season in twossiteSenegal. The authors state that their soil® wensidered dry when
collected and were air-dried in the mid-day sun adrately after collection. The protocol used in study is identical.
Other studies (Bai et al., 2010, Cassity-Duffrewlet2015, Vanlauwe et al., 2002) also publishednanium measurements
made on air dried soils from seasonally dry climatith comparable textures to the soil in Savél ®ature is determined

275 following norm NF X 31e107. Clay (<@2m), fine silt (2 to 2Qum), coarse silt (20 to 50m) and total sand (50 to 20Qfn)
are determined without decarbonation. Organic cadial total carbon are determined following normISB 10694. The
whole carbon of the sample is transformed intg.G®en CQ is measured by thermal conductibility. NF 1SO 1838 used
for Total N. Mineral nitrogen is determined follavg an internal method MT-AZM adapted from norm NgOI 14256-2.
This method uses a potassium chloride solutionie@DFRAC certified. The sample is heated at 1000f8 O.. Products

280 of combustion or decomposition are reduced i N, is then measured by thermal conductibility (cathaeter). pH is

determined according to norm NF ISO 10390, with samples stirred with water (ratio 1/5).

2.7 Soil ammonia emission potential I'; and compensation point yg

Measurements of soil pH and ammonium concentratjbit$,"] are used to quantify the soil emission potentfalsthe
different land cover types at the measurement Efte.soil emission potentia} is the ratio of [NH'] to [H'] concentrations
285 in the water solution of the soil (mol*). A largeI’y indicates that the soil has a high propensityriit &Hs, considering

that the potential emission of Nldepends on the availability of ammonium in the and on pH.

The soil compensation pointf has been calculated from the emission potehjjehs a function of soil surface temperature
(Tyin K) according to Wentworth et al. (2014):

10
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%o (PPb) = 13 587 Iy~ €039/ x 10, (6)

The soil compensation point indicates the equililribetween gaseous Nkh the soil pore space and [WHin the soil

solution, i.e. the concentration of Nfbr which the NH flux switches from emission to deposition (or wieesa).

2.8 Stepwise multipleregression analysis

A stepwise linear multiple regression analysis magormed between daily averaged gas fluxes of NEDNH; and relevant
available daily averaged variables such as windkdpeoil temperature at 5 cm, soil moisture at 5 sail heat flux,
outgoing longwave radiation and incoming shortwaadiation. Soil parameters such as mineral nitrogetal N and
organic C, soil texture and pH could not be usedHis regression analysis since their relative suneaments did not have
the same temporal resolution as the other paramelée R software (http://www.R-project.org) wagdigo provide the

results of this linear regression analysis.

2.9 GEOS-Chem

GEOS-Chem is a global three-dimensional modelagdspheric chemistry driven by meteorological infpam the NASA
Goddard Earth Observing System (www.geos-chemBeg, et al., 2001). In this study we use GEOS-Chemsign 10-01
which includes the process-based parameterizaticoib NO emission by Hudman et al. (2012). Thisgmaeterization
represents available nitrogen (N) in soils usingnie specific emission factors, online wet and depasition of N, and
fertilizer and manure N derived from a spatiallykoit dataset, distributed using seasonality d=ifrom data obtained by
the Moderate Resolution Imaging Spectrometer (MQDEsnissions are a smooth function of soil moistund temperature
consistent with point measurements and ecosystala sgperiments. This parameterization also indyalgsing following
soil wetting by rain or irrigation, representedaainction dependent on dry spell length. The patarization by Hudman

et al. (2012) was successfully evaluated for pglgewents in central Sahel (0-30° W, 12—-18° N).

Boundary conditions for our experiment are genérdtem a global GEOS-Chem simulation at 4° x 5°itmmtal
resolution. The regional GEOS-Chem model for WefsicA runs at a horizontal resolution of 0.25° 81R5° (latitudes
6°S—-16°N, longitudes 18.125°W-26.875°E) and a e&lrtiesolution of 47 levels (up to 0.01hPa). Metémgy is driven by
the NASA GMAO (Global Modeling and Assimilation @fé) GEOS-FP (Forward Processing) assimilated melagical
data. The global model is spun-up frofMay 2015 to i May 2016. The global simulation is then run frothMay 2016

to 1% August 2016, outputting boundary condition files West Africa. The regional West Africa simulatisnthen run from
1% May 2016 to I' August 2016 using the 4° x 5° boundary conditiawsnf the global simulation. All simulations use the
GEOS-FP meteorology which has a three-hour timeluen. We used the same MODIS/Koppen land covap ras in
Hudman et al. (2012; http://glcf.umd.edu/data/ld)ich includes 24 land cover types. In this simolative use EDGAR

11



v4.2 (EC-JRC/PBL, 2011) for anthropogenic emissidBBED4 (Giglio et al., 2013) for biomass burningissions and
MEGAN v2.1 (Guenther et al., 2012) for biogenic ssons of volatile organic compounds. The same fatisnventories

are used for both the boundary conditions and thstWfrica simulation.

325 3 Resultsand discussion
3.1 Meteorological data

Mean air temperature averaged over the whole campaas 25.4 + 2.6 °C, mean wind speed was 1.3 #1108, mean

relative air humidity is 86.3 = 10.5 %, mean seinperature was 25.2 = 3.4 °C, mean KIT soil moestaitr5 cm was 7.1 +

3.6 %, while mean UPS soil moisture averaged betweand 30 cm was 4.5 + 2.8 %. Total KIT precifatatvas 198 mm
330 for the whole campaign, and total UPS precipitati@s 215 mm.

Median diurnal cycles of air temperature, specHiemidity and precipitation are reported in Kaltheff al., (2017).
Knippertz et al. (2017) distinguish four differgsttases of the monsoon season during the DACCIWApain (14" June
to 30" July 2016) over the DACCIWA focus region (5-10° 8, W - 8° E), which covers a wide area of West édr{see
335 Fig. 1, Knippertz et al. (2017)). The division irgbases is mainly based on the north—south pratigoitdifference between
the coastal zone (0-7.5° N) and the Sudanian—3athetine (7.5-15° N), both averaged across thetlagrange 8° W-8°
E. Save (8.03° N) is located very close to the boltween the two zones, with a rainfall patteat seems to follow more
closely that of the coastal zone rather than tfiah® northern inland Sudanian—Sahelian zone. Tfmgephases are: the
pre-onset phase characterized by a rainfall maximaar the coast (before 2dune, phase 1); the post-onset phase during
340 which the rainfall maximum occurred inland {23une - 20 July, phase 2); the wet westerly regime when isfall
maximum shifted back to the coast {21 26" July, phase 3); and the recovery of the monsodh avishift of the rainfall
maximum inland (2% July until the end of the campaign, phase 4). écifir period within phase 2 is indicated “vortex”,
during which an unusual development occurred"(©2.6" July): in the north, a cyclonic feature slowly pagated from
eastern Mali to Cape Verde and in the south, aityambnic vortex tracked in the west-northwestediyection along the
345 Guinean coast (see Knippertz et al. 2017 for a rdeteailed description). At the Savé site the mostrise rainfall events
happened the day before the first soil fluxes olmn, on 18 June 2016, and towards the end of the measurement
campaign between 2tand 28 July 2016. Other minor rainfall events are recdrde 19" and 27 June, 8, 12", 13" 24"

and 26" July. Daily rainfall measurements are reportefigs. 2 to 5.

3.2 Sail texture, soil organic carbon, total nitrogen, pH and ammonium content

350 Bare soil recorded the lower amount of total s&88145 + 1.82 %) and the higher amount of clay (31863 %), fine (5.13
+ 0.96%) and coarse silt (5.98 + 0.51%). Grasslaodrded the higher amount of total sand (89.2071 06) and the lower
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amount of clay (3.15 £ 0.50%) and fine silt (2.93.82%), while intermediate values were found far maize field and

forest (Table 3). These values determine the ¢leagon of sandy soil for all measurements sites.

Soil organic carbon (C) and total nitrogen (N) erspectively 12.2 + 5.7 g Kgand 0.95 + 0.51 g Ky averaged for all land
cover types over the entire campaign. Table 4 ghedischaracteristics for each land cover typeduising individual values
of C/N ratio, soil organic C and total N for thetiem field campaign. The highest average soil oig&was measured for
bare soil (17.3 + 5.9 g Ky and the lowest soil organic C was measured fassiand (6.2 + 1.3 g K, while the maize field
and forest site accounted for 14.1 + 2.9 ¢ kpd 11.4 + 4.5 g khsoil organic C, respectively. The highest averada N
was measured for bare soil (1.44 + 0.51 g)kand the lowest total N was measured for grasgi@md + 0.04 g kg), while
the maize field and forest site accounted simifaoants of total N, 0.99 + 0.19 g k@nd 0.94 + 0.48 g Ky respectively.
Values of C/N, soil organic C and total N recordedgrassland at the Save site compare closelydset reported by Delon
et al. (2017, table 2) for the semi-arid site ofhE2a(15°24’ N 15°25’ W), Senegal. Our values of GINd total N for
grassland are also close to those reported by lLex b al. (1995, table 1) and Lata et al. (2004)tfee wet savanna
ecosystem of Lamto (6°13’ N, 5°20’ W), Ivory Coaalthough we observe lower values of soil organimo@pared to these
studies. Values of C/N and soil organic C recorfbedhe maize field at the Save site are slightbhker than those recorded
by Barthes et al. (2004) in a maize field at Agankay (6°24’' N, 2°20’ E), near Cotonou in southeemB.

All the sites listed in the comparison in the poers paragraph are sandy, as the Save site. The Biédai(Delon et al., 2017)
also shows similar pH than our site (Table 5), e/dwer pH (acidic or near-neutral) was recordetthatsites of Lamto (Le
Roux et al., 1995, Lata et al., 2004) and Agonkanifigarthes et al., 2004). Table 5 provides indigildualues of pH,
[NH,'], T'g andy, for the entire field campaign. The highest averaidevas observed for bare soil (8.23) and the lodigs
the forest site (7.07), while measured average pld W27 for grassland and 7.70 for the maize fiehk [NH,"] content
averaged for all land cover types over the entimamaign is 5.33 + 4 mg KgThe highest average [NH was recorded for
the maize field (7.9 + 6 mg Ky and the lowest for grassland (2.0 + 0.3 mi)kéwverage [NH] is 6.2 + 5 mg kg and 7.0

+ 2.2 mg kg for forest and bare soil, respectively. Dick et (@006) have found NH concentrations between 2 and 8
mgN.kg" in Senegalese soils, which is very close fromresults. Vanlauwe et al. (2002) have found valustsveen 0.8

and 1.4 mgN.kg in West African moist savanna soils (in Togo arigexa).
Higher soil organic C and N over bare soil coulddbe to the fact that these bare soil patches exprd recent burning

(Santin and Doerr, 2016). The higher [NHover the maize field can be caused by chickerratac as chickens were

roaming over the maize field (Paillat et al., 200fuia and Tam, 2000).
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3.3 Sail emission potential T'y and compensation point yg

The mean soil emission potentials for the Saveisid 714 + 58 077, with values ranging from 38159 343. The highest
values of soil emission potentials are observedére soil (113 672 + 67 788), followed by maizddi(33 880 + 20 680),
forest (11 982 + 11 061) and grassland (4 929 99).4The ammonia compensation point ranges between2 215 ppb,
with soil temperatures between 25 and 29 °C. Thkdst values of;are observed for bare soil (1 607 + 993), folloviegd
maize field (473 £ 317), forest (175 = 167) andsgtand (58 + 47). Our values of soil emission piiaérfor bare soil and
maize (no fertilization) are comparable with thpsesented in Massad et al. (2010, table 4), althdlngse data come from
measurements taken on different ecosystems. Bathdyg values recorded at the Save site exceed thosedegtby Delon

et al. (2017) over a grazed semi-arid Sahelianystes in Senegal.

3.4 NO fluxes

NO fluxes from soil measured during the field caigpaange between 0 and 48.05 ngN st. NO fluxes averaged over all
land cover types are 4.79 + 5.59 ngNf &1, while average NO fluxes for each land cover tgpe 8.05 + 3.49 ngN s’
for bare soil, 3.73 + 1.76 ngN frs* for the maize field, 2.87 + 1.49 ngN‘ns” for forest and 2.82 + 3.46 ngN s for
grassland. Soil emissions of NO from the diffedamid cover types provide similar values, NO emissifsom bare soil are

higher on average, but have a larger standard titavia

Other measurements of biogenic NO soil emissionis fthe West African wet savanna can be found iroDet al. (2012,
table 7). We find that our measured NO soil emissiaveraged over all land cover types are higher those measured
from other wet savanna sites. Our measurements &tter agreement with emissions from dry savagraaslands (Delon
et al., 2012), and with measurements from a semisavanna, with over 80% sandy soil, in South &dr{Parsons et al.,
1996, Scholes et al., 1997). However, these stugieasured NO emissions during different seasonssaitdmoisture
conditions compared to our study. For example, dtaret al. (1996) recorded NO emissions up to 20 mf s* over an
open savanna during the period going from the enth® dry season to the beginning of the wet seallitnic oxide
emissions of the same magnitude as in our studg aiso recorded over a grazed semi-arid Saheliasystem in Senegal
during the month of July by Delon et al. (2017¥ %.3.1 ngN rif s in July 2012 and 5.1 + 2.1 ngNTs™ in July 2013.

Daily means of NO concentrations are measured ¢to#®e soil (0.1m, half height of the chamber) agplorted in fig. 2 to
5. Daily means of NO concentration vary from 1.885t40 ppb for all sites. The average concentradioring the whole
campaign on all sites is 2.70 £ 1.03 ppb. Average dbncentration is 2.97 + 1.49 ppb on bare soi72: 0.96 ppb on
grassland, 2.55 + 0.83 on maize, and 2.76 + 0.@b6qgopforest soil. The concentrations are quasivedent for all sites. As
these concentrations are low, they do not lead@odeposition on soil and the NO flux stays positivefact, NO deposition

has been measured in other studies only in theafdsigh NO concentrations (>60ppb, Laville et aD11).
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Figures 2 to 5 show daily averaged NO and;Mkixes (x1 standard deviation) for each land cotgre, along with
precipitation and soil moisture. The spatial vaitigbof NO fluxes is high, especially for bare kdbrest and the maize field
where underground roots, not visible at the surface heterogeneously distributed. These rootdilaaly to influence the
ammonium content of the soil, and the subsequentflN©® measurement. Standard deviation is genersthaller for
grassland (except for two days, July 9th and 13timgre the vegetation (and the root distributianjriore homogeneous.
The variation of soil moisture is consistent witle fpresence of rain events, showing a sharperaiseref soil moisture at 5

cm, especially after rainfall following dry periads

NO emissions from bare soil and grassland showarease, sharper for grassland, one to two dags thi rain event on
8" July. The longer rain event between"24nd 24" July does not seem to produce an increase in Ni@s&ms (data
available only for maize field and forest). Thisgimi be linked with the non-linear relationship beém NO biogenic soil
emissions and soil water content (Oswald et ali320in fact, a light precipitation event (5-15 mogcurring on dry soils
can result in a large flux of NO (Meixner & Yand)@b, Hartley & Sclesinger, 2000). However, when saisture stays at
an equivalent level, after several rain eventss@@missions do not occur (Millet et al., 2004)eDa this non linear
character of the NO fluxes, no direct correlatioaswound between NO fluxes and environmental virgabuch as soll
moisture or soil temperature taken individually. idlaver, soil temperature and soil moisture werenmesisured on the same
soil parcel where the soil fluxes where measuratitha location of the soil flux measurements watskept constant even
for the same land cover type on the same measutetagnThis measurement protocol was designedvio g estimate of
soil fluxes at a large ecosystem scale, rather teanoducing the relationships between soil fluresl meteorological

variables, like soil temperature and soil moisture.

A multiple linear regression analysis was perforrhetiveen daily mean NO fluxes and the followingafales: wind speed,
soil temperature at 5 cm, soil moisture at 5 cnil keat flux, upward longwave radiation and downavahortwave
radiation. This regression give$#®.49 (p-value=0.004), indicating a weak but erigtielationship between those variables
and NO soil emissions, while the regression waskvmEaween NO fluxes and each individual variableisTcorrelation
shows the influence of these environmental varglglensidered collectively on NO fluxes, highliglgtithe underlying
mechanisms responsible for NO release to the atmeosgOur experiment does not show the details efahial and
physical processes driving soil fluxes at a simgnt because measurements are done at differeatidos every day, but

aims to estimate the spatial variability of fluxeshe ecosystem scale.

The NO flux estimated in this study does not comisttie impact of vegetation on the net ecosyster; fs we focus on soil
fluxes only. However, the net emission to the afphese should take into account the oxidation of tdONO2 and the

15



eventual re-deposition of NO2 on the vegetatian, what is called Canopy Reduction Factor andssraed to be a linear
function of the Leaf Area Index (e.g. Yienger arali, 1995, and Ganzeveld et al., 2002).

450 3.5NH;fluxes

NH; fluxes measured during the field campaign rangaéen -6.59 and 4.96 ngN1s’. Ammonia fluxes averaged over
all land cover types are -0.91 + 1.27 ngN s, showing a predominance of Nieposition over emission, which is
verified for every land cover type, with an averagéue of: -1.33 + 0.86 ngN s™ for bare soil, -0.75 + 0.31 ngN frs*
for the maize field, -0.48 + 0.55 ngNs* for grassland, and -0.30 + 0.38 ngN’ i for forest. Low positive ammonia
455 fluxes, indicating average NHemission, are only recorded during three daysyden &' and &' July, after the longest dry

period of the measurement campaign (Figures 2.to 5)

To our knowledge, NEisoil fluxes from west African wet savanna are anvilable in the scientific literature. In Delonagt
(2017) NH soil fluxes measured in Dahra (15°24’ N 15°25’ \8gnegal, on a dry savanna ecosystem, show lowdlwith

460 a predominance of NHemission: 1.3 + 1.1 ngN fs?, -0.1 + 1.1 ngN M s* and 0.7 + 0.5 ngN ths™ over three different
measurements campaigns. However, Sutton et al7{Zd®ws how pre-cut grassland is characterizeldHbydeposition, as
in our study, in contrast to post-cut grasslandgctviis marked by Nklemission. It is interesting to notice that thergiture
provides up to about 700 ngN“ns* NH; emission for fertilized Zea Mays fields (Walkeragt, 2013) while in our study site
NH; deposition was recorded for the maize field, whéchot treated with mineral fertilizer.

465
As for NO concentrations, Ndtoncentrations are reported in fig. 2 to 5. Dailgans of NH concentration vary from 0 to
12.46 ppb for all sites, and the average concéotrdas 4.42 + 3.23 ppb during the whole campaigmerage NH
concentration is 6.28 + 3.90 ppb for bare soil283 1.79 ppb for grassland, 4.36 + 3.99 for thézméield, and 3.68 + 2.13
440 ppb for forest. The largest deposition fluxesfaund on bare soils, where the largest concéomimare measured.

470
A multiple linear regression analysis was perfornbetween daily mean NHfluxes and the following variables: wind
speed, soil temperature at 5 cm, soil moisture @nbsoil heat flux, outgoing longwave radiatiordancoming shortwave
radiation). This regression gives a weak but exgstielationship, with R0.37 (p-value=0.03). This correlation highlights
the link between NEIfluxes and relevant environmental parameters. Hewedhe same considerations explained in Sect.

475 3.4 for NO emissions are also valid for the cotietabetween Nkifluxes and meteorological variables.

According to the current parameterization of sailn@onia emission potential (Sect. 2.7), high valoepH and [NH'] in
the liquid phase will determine high valuesgfindicating that the soil has a high propensitgtait NH;. However, despite
the high values of g recorded, our measurement site remains a net sinkH;. The reasons for this can be manifold. One

480 explanation could be that soil particles on oug sitay have a high adsorption capacity limiting dhgount of soil gaseous
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NH; concentrations (Neftel et al., 1998) and the ldrgast of the estimated ammonium content in thersay not be in the
liquid phase, but adsorbed by solid soil particlesthese conditions ammonium will not be availafile gas exchange to
open porosity and the atmosphere (Flechard e2@1.3). Another explanation could be given by thespnce of a water film
at the soil surface (linked to high air humiditytla¢ site), which will increase the net deposiiiwacess. David et al. (2009)
conclude from their measurements that the barecanilbe a significant source of NEnly for a limited period and only
when the cut vegetation is removed, but not if $b# surface remains covered by grass. Measurenerisrrara et al.

(2014) show other occurrences of high soil ammenigssion potential and NHleposition.

Our measurements were conducted without vegetatgide the chambers, but vegetation was presetiteirfields. It is
important to mention that the role of vegetationNid; bidirectional fluxes is essential, especially dgrthe wet season
(time of the experiment), when deposition on thgetation through stomata and cuticles dominatexichange (during rain
events, the cuticular resistance becomes smallcatidular deposition dominates), due to an increafsthe deposition
velocity of NH; (consecutive to the humidity response of the seffand a decrease of the canopy compensation, point

sensitive to the surface temperature and the suvf@tness (Wichink-Kruit et al., 2007).

3.6 Comparison of observed and modelled NO soil emissions

We have compared observed daily averaged (8 a.ptm.) soil NO emissions with those modelled yds-Chem for

the entire period of the campaign over the modiel lgox including the measurement site. The modiel lgox is positioned

at latitude 8.0° N — 8.25° N and longitude 2.19= E.5° E. The area of this grid box is 958%iihe land cover type within
this grid box is classified as “Savannah (Warm)t the surrounding area also consists of “Woody 8ash”, while the
observations were taken over the four land covpegyrepresentative of the region: bare soil, gragsimaize field and

forest.

The model is able to reproduce mean air temperé®&@& + 0.7 °C) and the main rain events. Soilssions of NO are well
simulated in magnitude. Simulated NO emissionsadten higher than those recorded over the grassiaeds, however,
simulated NO emissions are often within the ernsiof measurements (Fig. Bhe model uses land cover and vegetation
types to simulate the highly variable land and vatien cover of the observation site, for this teagve do not expect the
model to reproduce the site-to-site variabilitytioié measured soil fluxes, but to at least reprodiner average magnitude
and behavioult appears that when the model is able to reprodheelength and the intensity of the rain event§ N
emissions are especially well simulated, e.g. tloelehis able to reproduce the longest rain perfoatr( 20" to 26" July

2016) and the decrease of emissions at the erg ahéasurement campaign.
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3.7 Estimate of total NO soil emissions and NH3 deposition for Benin

In order to give a tentative estimate of NO ands/Sbil fluxes for Benin we have used the land usé/leover map of Benin
provided by the US Geographical Survey Atlas: Laages of West Africa — A Window on a Changing W(dLSS, 2016,
Fig. 7a). The method of mapping land use/land cased in this atlas was based on Landsat imagatyeapert visual
interpretation. In particular, these maps provideaacurate indication of cropland distribution @siisual interpretation.
According to CILSS (2016) Benin’s present-day (20thBd cover is mainly savanna, almost 60%, folldveg agricultural
land, 31%, while forest is only a small fractionden 1% (the rest of the surface is mainly galleme$t and, on a smaller
extent, settlements). In the Atlas (CILSS, 2016ebsoils are defined as those surfaces that asedyan in the green/rainy
season. For Benin, the amount of bare soil estinayeCILSS (2016) is very small, not big enouglappear on the Atlas’
maps. We have multiplied average NO emissions medsat the Save site for each land cover type bgstimate of the
land cover area of each class given by the Atlash@/e made some approximations: as the land ndedtarer maps do not
distinguish between shrub savanna, tree savandayaaded savanna, we have considered NO soil ems$iom Save’s
grassland savanna to be representative of the agjeseranna category in CILSS (2016). Moreover,Atlas has a crop
category that does not distinguish the type of @og we only have observations of NO soil emissfom® an intercropped
maize field. We have taken NO soil emissions frommaize field as representative of NO emissiorBerfin’s agricultural
land, but other cultures are present in other paftshe country, e.g. oil palm plantations, whemsgbly stronger
fertilization could determine higher NO soil em@ss. This tentative calculation gives that BenlN® soil emissions for
the month of July (wet season) is 1.17 + 0.6 GgNitimoi.e. 0.09% of the average global monthly N@ smissions as
given by Davidson et al., (1997).

We have also calculated Benin’s total monthly N@ emissions with GEOS-Chem adding together the $¢d emissions
from the grid boxes where 50% or greater of the l@sxwithin Benin. Benin’s total monthly NO soiinéssions calculated
with GEOS-Chem for the month of July are 1.44 Ggblith and agree with the tentative calculation giabnve (1.54 *
0.8 GgN/month). However, the land cover types dogeBenin in GEOS-Chem differ from those in the @8ographical

Survey Atlas (CILSS, 2016). In GEOS-Chem Beninaser by 60.9% savanna, 31.4% woody savannah, 4ra%slgnd,

1.3% mixed forest and 0.6% urban and built-up laBasin’s total monthly NO soil emissions calcuthteith GEOS-Chem
for the months of May and June are higher, 3.51 /Bgith and 2.59 GgN/month, respectively, given ¢hownths are at
the beginning of the wet season and are charaetetiy more predominant pulse emissions. Using #mesmethod
described above we have upscaled point measuremwieNtd; fluxes with relevant land cover surfaces from CEL&016)

and obtained that total NHiry deposition for the month of July is 0.21 +D@GgN/month (0.22 kgN Rayr™). This value is

about ten times smaller than the estimation o, Nif deposition given in Adon et al. (2013) for thvet savanna site of
Djougou (Benin, 9.7°N, 1.7°E) for the month of Julhich is around 2.5 kgN Har™.
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4, Conclusion

We provide soil flux measurements along with sbémcteristics for a land cover type, savanna,ithabnsidered to have
545 large NO emissions (Davidson and Kingerlee, 198, for an area of the world, West Africa, withlditobservations. The
aim of this study is to contribute to our knowledgebiogenic soil nitrogen exchanges, provide datainventories and

model evaluation to improve air quality and climatedelling.

In situ measurements were made in a wet savanmpairsitentral Benin from mid-June to the end of JAR16.
550 Complementary to these exchange fluxes, soil N @ncbntent, as well as soil pH, soil moisture, seihperature and
meteorological data were measured. Soil fluxes ©fad NH were measured over four different land cover tyipesrder

to give a tentative estimate of regional soil flsixe

Given the set up of the experiment, the known ieahips between soil fluxes, soil temperature switimoisture were not
555 reproduced. Rather than looking at the microbiad gmysical processes behind soil fluxes, we are abl provide

observations that are representative of a biggéaceliarea and that represent the spatial vatigloilifluxes. However, we

observe that while shorter rain events determinénarease in NO soil emissions, the longer rainnéw the end of the

campaign (20 to 24" July 2016) is accompanied by a decrease in NOesoissions, in agreement with the fact that the

relationship between NO soil emissions and soilstaoe is not univocal. Soil emissions of NO incesastil an optimum
560 value of soil moisture is reached and then decr@@swald et al., 2013).

NH; emissions measured in this study probably underast total NH emissions for the entire country, as possibly éigh
localized NH emissions are present in the south of the counmtvgre industrial scale agriculture would probabépidy
mineral N fertilization.
565

Soil NO emissions simulated by GEOS-Chem are irdgagreement with the local observations taken atstte of Save,
providing a good baseline for simulating local aspioeric chemistry. Moreover, GEOS-Chem is alsodndgagreement
with the tentative total monthly NO soil emissicstimate for Benin for the month of July made witiedl observation in
Save and US Geographical Survey Atlas (CILSS, 20Ab)these elements contribute to improve our @arice in the

570 results of modelling studies of local and regicaialquality and climate over this region.

Agriculture is the first form of economic activity Benin, occupying a majority of the active popida. The most obvious
recent change in land cover is the major expanefoagricultural land across most regions of Bewigricultural areas
(including plantations and irrigated agriculturepgressed from 9.2 to 27.1 % of the total countgaaetween 1975 and

575 2013, improving food security. Oil palm trees ahe tmain crop, and oil palms farmland already caver®st of the

19



southern Terre de Barre plateau of Benin by 197#,iacreased by about 28 percent over the follovd8g/ear period. A

century or more ago, Benin was covered by densdodically diverse forest. Since then, Benin has leearly all of that

forest cover, by 2013, 58 % of the 1975 forest cdwad been lost, leaving only 0.2 percent of thenty covered with

dense forest. Savanna area has also decreasedpgyc@it since 1975, but it still remains the damtrland cover type in
580 Benin and covers more than half of the country &31.2016).

More measurements of NO and NeExchanges between soil-vegetation-atmosphereeiasanf Benin (or West Africa)
interested by land-use change could improve oumagt of the impact of biogenic soil emissions orgaality and climate,
as biogenic soil fluxes influence for example theoant of aerosol and tropospherig, @ greenhouse gas and pollutant, in
585 the atmosphere. Management practices of agricuétfieet biogenic soil emissions. Moreover, loosgayanna to oil palm
plantations or other crop would have different ictgaon air quality, carbon budget and climate tienconversion of forest
into crop or oil palm plantation. Furthermore, pdlm plantations are generally closer to the caast likely to be more
influenced by anthropogenic emissions from indusing coastal cities (Knippertz et al., 2015a, 29018kl palm trees are
also a strong isoprene emitters. Isoprene emisdiafisence ozone concentration and the oxidizingacity of the
590 atmosphere, and it is a source of secondary orgeerinsol, thus affecting local air quality and gibblimate. Large-scale
land use change in the tropics — specifically thieversion of tropical rain forest to oil palm platibns in Malaysia — were
shown to cause changes in atmospheric compositidrchemistry (Hewitt et al., 2009), indicating thla¢ management of

the emissions of reactive nitrogen species is éissém prevent damaging levels of ground-levelmzn those regions.
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Appendix A

We ran a laboratory experiment to verify that déjgms on the walls of the Teflon chamber is nedilgi

Ambient air concentrations were measured by thé/aeg inside the room where the analyzer and tzember were placed.
Measurements of N{Hconcentrations were made in ambient air with arithout the Teflon chamber attached to the
analyzer. The Teflon chamber was placed on a Tdflone, and they were sealed together with Tefigpet Measurements
of NH; concentrations with the Teflon chamber attachedh® analyzer were followed by measurements withbat
chamber 30 to 60 minutes later. The two sets ofsomeanents were made under similar conditions op&ature and
humidity. Average values of NHconcentrations were calculated for 10 to 30 misuiefore and after connecting the
chamber. Average Ndtoncentrations during this time interval variedwsen 8 and 36 ppb, with a variation between 1.5 to
13% around the mean. The lowest Nébncentrations correspond to air samples prewopassed through charcoal and
desiccant cartridges (NO and Bl@ero air). Measured Njtoncentrations are reported in Table Al, alondp wétmperature,
humidity and the ratio between average concentratith and without the Teflon chamber attachedhanalyzer.

This test was made at different times of the daydifferent days: air humidity varied between 46 &6, temperature
varied between 25 to 29°C, while pressure varigd/den 1006 and 1008 hPa (not reported).

Results show negligible variation between concéiotna of air reaching the analyzer via the chanmdyegoing directly to
the analyzer;

Temperature (°C) Humidity (%) [NHTC [NHs] D Ratio [NH]TC / [NH3]D
25 54 26.4+0.4 25.9+0.5 1.02
27 49 9.0+0.8 8.8+1.2 1.12
29 46 35.2+2.4 36.0+1.4 0.98
28 46 25.6+0.7 24.0+1.0 1.07
27 45 26.2+0.9 27.4+0.9 0.96
28 46 23.4+0.3 24.1+0.4 0.97
26 50 19.2+0.6 18.4+0.8 1.04

Table A1 Measurements of Nytoncentrations (ppb) through the chamber (TC)iractly (D) to the analyzer.
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820

Save ground-based observation site

Location 8°02'03" N, 2°29'11" E
Elevation 166 m a.s.l.

Mean annual precipitation 1100 mm

Mean annual temperature 275°C

Soil type sandy

Sand percentage 87%

Clay percentage 4.1%

Table 1

Main characteristics of the Save site.
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Soil type Plant family Plant species Common name/s
Next to grassland an Dominant tree species  Anacardiaceae Anacardium cashew tree
forest occidentale
Fabaceae Daniellia oliveri African copaiba balsam
tree
Pterocarpus erinaceus barwood, muninga, véne,
mukwa
Dominant ground specie: Cleomaceae Cleome sp. spider flowers, spider
plants
Fabaceae Crotalaria sp. rattlepod or rattlebox
Mucuna sp. velvet bean
Poaceae Imperata cylindrica cogon grass, cotton wool

grass, kura-kura

Rhynchelytrumrepens rose natal grass

Next to maize field Dominant tree species Anacardiaceae

Mangiferaindica mango

Arecaceae Cocos nucifera coconut tree
Caricaceae Carica papaya L. papaya
Lamiaceae Tectona grandis teak
Meliaceae Azadirachta indica neem, nimtree, Indian lilac
Dominant ground species Commelinaceae Commelina benghal dayflower, tropical
benghalensis spiderwort
Euphorbiaceae Euphorbia sp. spurge

Nyctaginaceae

Boerhavia diffusa punarnava, red spiderling

Phyllanthaceae

Phyllanthusamarus  gale of the wind,

stonebreaker
Poaceae Digitaria horizontalis Jamaican crabgrass
Crops Dioscoreaceae Dioscorea sp. yam

Euphobiaceae  Manihot esculenta cassava
Fabaceae Arachis hypogaea peanut

Vigna unguicul ata cowpea
Malvaceae Gossypium sp. cooton
Pedaliaceae Sesamum indicum sesame
Poaceae Zea mays maize

Sorghum sp. sorghum
Solanaceae Solanum lycopersicum tomato
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Table 2

830 List of plant species at the Save site. The listaiimon names is not considered to be exhaustive.
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Bare Soil Grassland Maize Field Forest
Clay (<2um) (%) 5.13+0.63 3.15+0.50 4.40+0.35 3.70£1.25
Fine Silt (2 to 2Qm) (%) 5.13+0.96 2.93+0.32 4.13+1.00 3.40+1.21
Coarse Silt (20 to 50m) (%) 5.98+0.51 4.78+0.66 4.37+0.38 4.67+1.05
Total Sand (50 to 2000m) (%) 83.75+1.82 89.20+0.71 87.13+0.99 88.20+3.50

835 Table 3

List of soil characteristics for each land covereat the Save site, including standard deviation.

32



840

845 (C/N), organic carbon (g kg and total nitrogen (g kY. The accuracy for the C/N ratio is 14%. The measent accuracy

Soil Type  Date C/N ratio Organic C (g kg) Total N (g kg")
Bare soil 06/07/2016 14.90 24.28 1.63
09/07/2016 12.20 10.47 0.86
19/07/2016 12.30 15.05 1.22
28/07/2016 9.50 19.30 2.04
Grassland  07/07/2016 15.20 5.78 0.38
09/07/2016 16.00 7.36 0.46
19/07/2016 14.90 7.16 0.48
28/07/2016 10.90 4.56 0.42
Maize 09/07/2016 14.80 17.33 1.17
19/07/2016 16.40 13.08 0.8
28/07/2016 11.80 11.83 1.00
Forest 06/07/2016 14.80 7.98 0.54
19/07/2016 11.90 9.62 0.81
28/07/2016 11.30 16.56 1.47
Table 4

List of soil characteristics for each land covepeyat the Savé site for each soil sampling dayb@=ato-Nitrogen ratio

for organic carbon and total nitrogen is 14 and 1B%pectively.

33



850

Soil Type Date pH [NH,'] (mg kgh) [INH,J[HT] X4 (Ppb)
Bare soil 06/07/2016 8.38 6.82 136 334 1891
09/07/2016 7.73 2.90 12 978 134
19/07/2016 8.46 6.63 159 343 2188
28/07/2016 8.34 8.01 146 033 2215
Grassland 07/07/2016 7.15 1.96 2 307 29
09/07/2016 7.91 1.55 10 499 108
19/07/2016 7.52 2.28 6 291 86
28/07/2016 6.51 2.30 620 9
Maize 09/07/2016 7.46 4.40 10 575 109
19/07/2016 7.61 14.74 50 040 687
28/07/2016 8.04 4.49 41 027 622
Forest 06/07/2016 6.32 2.18 380 5
19/07/2016 7.51 4.88 13 159 181
28/07/2016 7.37 11.47 22 407 340
Table 5

List of soil pH, ammonium concentrations [WH(mg kg?), soil emission potentidly and soil compensation poigf (ppb)
for each land cover type at the Savé site for sadrsampling day. The measurement accuracy forspgh15 when pH 7

855 and 0.20 when pH > 7. The accuracy for ammoniunceotrations [NH'], soil emission potentidly and soil compensation
pointyg is 25%.
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Fig. 1(a) Location of the Save site in West Afrida) one of the bare soil sampling sites, (c) tresgland sampling site, (d)

890 the maize field sampling site and (e) the foresi@ang site at the Save site.
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Fig. 2 Upper panel: Daily total precipitation (mrdgily mean soil moisture at 5 cm (%) measuredhieyKarlsruhe Institute
of Technology (KIT), daily mean soil moisture avged between 0 and 30 cm measured by the UnivePsit# Sabatier
(UPS) instrumentation, daily mean NO fluxes in ngi¥ s* measured at the bare soil sikdiddle panel: daily mean NH

895 fluxes in ngN it s* ; Lower panel: daily mean NO and Mldoncentrations in ppb. Vertical bars show the dsamh
deviation from individual fluxes and concentrations
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: Daily total precipitation (mrdpily mean soil moisture at 5 cm (%) measuredheyiarlsruhe Institute

of Technology (KIT), daily mean soil moisture avged between 0 and 30 cm measured by the UnivePsit# Sabatier

(UPS) instrumentation, daily mean NO fluxes in ngi s* measured at the grassland ;skiddle panel: daily mean NH

fluxes in ngN rif s*; Lower panel: daily mean NO and hEbncentrations in ppb. Vertical bars show thedsdath deviation

from individual fluxes and concentrations.
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Fig. 4 Upper panel: Daily total precipitation (mrdgily mean soil moisture at 5 cm (%) measuredhleyKarlsruhe Institute
910 of Technology (KIT), daily mean soil moisture avged between 0 and 30 cm measured by the Univelsité Sabatier
(UPS) instrumentation, daily mean NO fluxes in ngN s* measured at the maize field sitsliddle panel: daily mean NH
fluxes in ngN nif s*; Lower panel: daily mean NO and NEoncentrations in ppb. Vertical bars show thedsath deviation

from individual fluxes and concentrations.
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Fig. 5 Upper panel: Daily total precipitation (mrdgily mean soil moisture at 5 cm (%) measurechieyKarlsruhe Institute

of Technology (KIT), daily mean soil moisture avged between 0 and 30 cm measured by the Univedrsité Sabatier
(UPS) instrumentation, daily mean NO fluxes in ngi{ s* measured at the forest sitéiddle panel: daily mean NH
fluxes in ngN nf s*; Lower panel: daily mean NO and NEoncentrations in ppb. Vertical bars show thedsam deviation

920 from individual fluxes and concentrations.
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