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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 (NOYlammonia (NH) observed over four different land cover types, hare
soil, grassland, maize field and forest, at annidleural site in Benin, West Africa, during the DB@WVA field campaign in
June and July 2016. At the regional scale, urbéioizand a massive growth in population in Wesidstthas been causing a
strong increase in anthropogenic emissions. Antigepic pollutants are transported inland and natbdwrom the mega
cities located on the coast, where the reactioh hilbgenic emissions may lead to enhanced ozorduption outside urban
areas, as well as secondary organic aerosol fasmatiith detrimental effects on humans, animals$una vegetation and
crops. We observe NO fluxes up to 48.05 ngRish NO fluxes averaged over all land cover types4ar® + 5.59 ngN
s, maximum soil emissions of NO are recorded ovee ail. 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 rif s*
and maximum Nkl deposition is measured over bare soil. The obtensashow high spatial variability even for thensa
soil type, same day and same meteorological camgditiVe compare point daytime average measureroEN® emissions
recorded during the field campaign with those sated by GEOS-Chem (Goddard Earth Observing SystBemistry
Model) for the same site and find good agreemenanl attempt to quantify NO emissions at the regiand national scale,
we also provide a tentative estimate of total NQseians for the entire country of Benin for the rtioof July using two

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



1.17 + 0.6 GgN/month and 1.44 GgN/month, respelstiviiotal 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@fNHs) play an important role on tropospheric chemisitjric oxide
emitted by soil influences the concentration ofagen oxides (N¢) in the atmosphere, consequently modifying thes aff
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 &oilegulated by microbial activity, mainly niticftion/denitrification
processes, and chemical reactions (Pilegaard ,e2Gl3). Measurements using soil chambers in tsld 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 asail moisture, making
soil NO emissions dependent on regional temperatndeprecipitation patterns, and fertilizer managetnpractices (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 #dmeesorder of
magnitude of fossil fuel NO emissions. Soil emiasal biogenic NO plays a prominent role in the oegil atmospheric
chemistry of non-urbanized areas, where anthrogogemissions are negligible (Pilegaard, 2013). Wieen inputs of N
compounds onto semi arid uncultivated soils, like savanna ecosystem, are biological nitrogenifimaatmospheric wet
and dry deposition and lightning. NO fluxes aregidared as one way only, even if NO depositiontsxis very specific
conditions (Grote et al., 2009).

Soil N losses towards the atmosphere also involkg. Nhe largest sources of Nimissions are animal husbandry, and
agriculture via the application of synthetic fér#r. When released into the atmosphereg Ntdreases the level of air
pollution. In the atmosphere NHas a relatively short life time of less than fidays and high deposition rates, it is
converted into ammonium (N aerosols, which has a life time of the orderittéén days, can travel long distances and it
is relevant for air quality and climate (Fuzzi &t 2015). The exchange of soil Nhk bi-directional as it also includes
deposition. NH returned to the surface by deposition can potintiause eutrophication, reducing biodiversity amater
quality (Sutton et al., 2009a).

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

and atmosphere. The overall BNHux for a given surface may switch from net engasto net deposition at sub-hourly,
diurnal and seasonal scales. Moreoverg Méh be rapidly deposited onto cuticles due thigs 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 ins ehcentration between the canopy and the
atmosphere, and on a large range of environmestédifs, 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 ammoniumtet in the soil (McCalley and Sparks, 2008). Amilaois mainly
emitted by agricultural activities, and also by thecomposition of litter and volatilization of arahexcreta (Sutton et al.,
2009b; Massad et al., 2010).

Soil fluxes in West Africa have only been measuirea limited number of studies due to the challaggexperimental
conditions (remote sites, no power supply, verytbotperatures), and mainly with manual chambernigctes 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 lang€st

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

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

conditions, highly favorable to enhance photochamignippertz et al., 2015a, 2015b).

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

provide data for inventories and model evaluatmmtprove 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 whilested from
14" June to 30 July 2016 (wet season). The DACCIWA campaign wasl I investigate the possible role of local air
pollution on climate change in West Africa, focusion atmospheric composition, air pollution andudieaerosol
interactions over several sites in the region (Kentz 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 withsi observations we
also present measurements of soil characteristick raeteorological variables from the same site. Widude the
comparison of measured NO soil emissions with tledswilated by the Hudman et al. (2012) processebasedel 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 vilesh 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 tbhbéGsite managed by
the Institut National des Recherches Agricoles éniB (INRAB).

105 The site is characterized by a wet savanna ecamydibe climate of the region is Sudano-Guineanh witrainy season
from March to October and a dry season from Noverbé&ebruary (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 °@ littte variation from year to year (data averagexn 1984 to 2004,
Saidou et al., 2004). Average minimum temperatoased on 1969-1990 data, is 21.5 °C and mean maxi@mperature is

110 35.5°C.

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

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

The most abundant tree species next to the graksl@and in the forest arAnacardium occidentale, Dani€llia oliveri,
and Pterocarpus erinaceus; while the most abundant tree species next to thiarfeeld are:Mangifera indica, Cocos
nucifera, Carica papaya L., Tectona grandis, and Azadirachta indica. The herbaceous vegetation is dominatedCkepme
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 specie&a 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 dozesfddlomestic

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

At the Save site, the soil 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 meteorologichbhaerage soil
characteristics for the observation site are regbih Table 1, dominant vegetation species andcawilposition for each

130 land cover type are given in Table 2 and 3, respalgt Sunrise and sunset UTC time at the beginming at the end of the
campaign are: 05:33 and 18:08 off' Hine, and 05:42 and 18:11 o"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 forest} lacation per day. Two
to three samplings spots were chosen each daybdr 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 lemger types from one day to the other, over thzeenampaign. Bare soil
and the maize field were sampled for both NO and; Bitil fluxes on eight different, generally non-conigtéve, days,

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

2.3 Chamber flux measurements

The technique used to measure NO and Blbil fluxes makes use of a Thermoscientific 1 hi€fimoFischer Scientific, MA,
USA). This analyzer uses a chemiluminescence tetéar NO. The air sample enters the reaction dhamand reacts with
the & generated by an internal generator. This reagifmauces a luminescent radiation directly propodiao the NO
concentration. The air sample is sequentially dréwaugh a molybdenum converter heated to 325°@hvhieasures NOx
(NO+NO,) by converting N@to NO, and a stainless steel converter heate8@0Civhich measures Ntotal (NHNOX) by
converting NH and NQ to NO. The detector hence measures rNO, then KNSO,), and finally r(NO +3NO, + yNH3),
where r is the NO detection efficienay,and are the N@ conversion efficiency of the molybdenum and stsal steel
converters ang is the NH conversion efficiency of the stainless steel cotere The efficiencies are determined by the
calibration procedure. Ndtoncentration is therefore calculated from NtetdlOx. The closed dynamic chamber technique

is used to calculate fluxes. The details of thihteque are fully described in Delon et al. (2017).

The remoteness of the study site limited instalfatf permanent structures and we were unable taaie our chamber
measurements, thus all measurements were made lyamba instrument was powered by a generator ®>th0away) and
carried around on a wheeled-table to reach thetitota of the four soil types where the NO and Ntdil fluxes were
measured. The analyzer was connected via a Teiflos tb the Teflon chamber which was put on the mpicio detect the
fluxes. The external sides of the chamber werereoveith 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 rexthréemperatures that
would invalidate the measurements.

The calibration of the NO sensor of the 17i analywas made before and after the campaign, withfererece NO air
mixture, i.e. NO in N diluted with zero air. The NO detection efficienegriation was 8% between the two calibrations
(from 1.040 to 0.962). Two post-campaign calibnasievere made: a first one to validate the efficyeoicthe NQ converter

using a reference dilution of N@n zero air, and a second one to validate theieffcy of the NHconvertewith a NHy/N,
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mixture diluted in pure air (Alphagaz 1, AirliquidéNo change in the NQOconversion efficiency was necessary, and thg NH
conversion efficiency variation was 3% (from 0.9630.995). No drift in the conversion efficienciems observed over
time, as from the first calibration when the analywas new until the post campaign calibration,ngies never exceeded
+3%. The zero air for NO, Nfcalibration was obtained by filtering ambient gireviously passed on charcoal and
desiccant cartridges. The dilution for all the loedtion experiments was made with the 146i modilee(moFischer
Scientific, MA, USA) and the dilution module, eqpgd with certified mass flow meters, on board & ATR-42 research
aircraft during an inter-calibration with other N@strumentation of the DACCIWA campaign (i.e. ihstrumentation on
the Save measurement site tower and the instrutm@ntan the ATR-42 aircraft; Brito et al., 2017, iben et al., 2016).
Reference NO, and NOwere I1ISO 6141:2015 certified at 8.73 and 8.58 gpmNO, before and after the campaign,
respectively, and 9.28 ppm for N(both with 5% precision. Reference Nhhixture was certified at 14.78 ppm with 2%
precision for NH. Multipoint (at least 4 points) calibrations beeme50 to 250 ppb were done to ensure the lineafithe
response, obtaining regression coefficients ov@94B for both NO and NO The dilution uncertainty was 10% for NO,
11% for NG and 13% for NH (see Appendix A for more detail). A multipoint ikehtion was done for N§ between 30 and
200 ppb and the regression coefficient was 0.9%i& lihearity of the response for low concentratisldested by the
response to zero air calibration, giving Z2&997. However, at low mixing ratios (typicallystethan 100 ppb), a non linear
increase of the interactions of MHvith the surface used in the inlet design has @¢ocbnsidered (Ellis et al., 2010,
Whitehead et al., 2008). Therefore, an uncertaintthe quantification of low Nk concentrations has to be taken into
account due to surface interactions. The globatigien of the analyzer is +0.4 ppb according to thanufacturer’s

specification for a 0-500 ppbv range.

The external volume of the chamber was 40 cmx202€hem. The internal volume was 18x38x18 cdue to the thickness
of the Teflon walls. The air inlet is located oreagide of the chamber, where a small vent of 4 mdidmeter provided the
pressure equilibrium between the inside and outefdihe chamber. The air outlet on the other sideannected to the
analyzer with a 4 m Teflon tube (see picture digpdhin Appendix B) The chamber is continuously stweith an air flow of
0.7 L mir* insured by the instrument pump, and the air flswcontrolled inside the analyzer by a flow metere Tair
residence time in the chamber is approximately 20 (volume/flow), and the chamber is maintainecpiace for 10 min.
The Teflon chamber was cleaned (with a dry clegrepaloth) at the beginning of each day of measargnand during the
day when the deposition of sand could potentialtgrfere with the measurements. Laboratory testgyudifferent papers
for cleaning are displayed in Appendix C. Accordinghese results, no clear tendency for poteatiabrption or desorption
of NH; arises but these tests may be useful to warn patential pollution inside the chamber due to mieg which would
interfere with low fluxes.

The opaque walls minimize photochemical reactiorssdie the chamber, which are therefore considesetkegligible. The
chamber is placed on the soil for 10 min. Aftemdid, the chamber is turned over to let the analpeeswept by ambient air

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

7
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The calculation of the fluxes is based on the dodgnamic chamber technique, with the followinguasptions: the
concentration in the chamber is equal to the canagon leaving the chamber to the analyzer, anémital deposition onto
the Teflon walls of the chamber is assessed butidered as negligible. Vaittinen et al. (2013, asi@rences therein) have
demonstrated that the adsorption of ammonia onoiiei$ negligible; However, the high NHmixing ratios and the
controlled conditions in Vaittinen experiment da worrespond to our field conditions. Thereforepemental tests with
and without the Teflon chamber attached to theyaealwere made in ambient air to verify that defpmsion the walls of
the Teflon chamber is negligible. These tests ha@en made in conditions comparable to in situ nreasents, i.e.
temperature (25 to 29°C) and humidity (46 to 54%g, well as NH concentrations (8 to 35 ppb) close to the ones
encountered in the field. They show that the cotrations measured with and without the chamberegrgvalent. . The
results of this experiment are reported in AppergliMoreover, the temperatures of the chamber Meflalls and Teflon
tube have been measured in direct sunlight anditfezence with air temperature is small (<1°C). Werefore assume that
the Teflon walls and tube heating is small and dugsaffect the Nkland NO concentration measurements in the chamber.
The results of this experiment are reported in Aygpe D. All the details of the calculation are givim Delon et al. (2017).

In brief:

F _ Vv oC,
A, ot (1)

Where k is the flux (NO or NH) in nmol m? s*, 8Cy is the concentration variation in the chamberrimohm?® during the
temporal intervabt. A;=0.0684 M is the surface of the ground covered by the chanw.0123 i is the volume of the

chamber. This equation is similar to the one iniBsan et al. (1991). The flux is then convertedgtl m’s™.

The linear regression is calculated over a 10 \time interval after the installation of theantber on soil for both NO
and NH. The dilution effect due to mixing of outside air the chamber was evaluated based on our set wyhich
Q/V=8.13x10" s*. It is calculated for each flux separately anéhisaverage 6.7(+1.6) % for NO and 7.7(+1.7) % Nibts.
Considering the precision of the analyzer (+0.4\phhe detection limit is 0.4 ngN fns* for NO and NH fluxes.
According to Appendix B, if the difference in Nldoncentration used to calculate a flux is infetm0.9 ppb, the resulting
flux may not be distinguished from a potential effef adsorption or desorption onto the chambelswvahe precision of
the analyzing device (analyzer + chamber + tube) beadefined at 0.9 ppb (corresponding to a flu®.656 ngN.rt.s). In
that case, low Nkifluxes comprised between 0.4 and 0.55 ngRishare considered as close to zero but are keptein th
average daily flux calculation.

The chemical reactions inside the chamber canmeterNO consumption, and consequently an underastmof the NO

fluxes calculated with our method. This underestiamais taken into account and calculated followthg method by Pape

8
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et al. (2009) with the relation k- [NO]-{P In this relation k is the temperature-dependeattion rate constant (Pape et al.,
2009, Atkinson et al., 2004), [NO] is measured by Thermoscientific 17i at soil level just befor@sjtioning the chamber
for the measurement of soil fluxes, and][@ soil level is derived by measurements of N@ B, 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 toin&,and
NO, were measured with a Model 42C TracelLevel NOAN@x by Thermo-environmental Instruments Inc., lwated
with the same method as the Thermoscientific 1diaith 0.05 ppb (2-sigma) detection limit. Ozoneswaeasured on the
tower with a Model 49i Ozone Analyzer by Thermo4eornmental Instruments Inc. with 1 ppb detectioniti The Model
49i Ozone Analyzer was calibrated by comparisom &iThermo Scientific Model 49PS reference instnm€he 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;][& soil level was then calculated

considering the diurnal steady state of the reastiescribed in equation (2) and (3), using eqnddy:

NO + O; — NO, + O, 2
NO, —» NO + O ©))
NO],[03];; [NO,]s
0,], = [NO1, [05]u [NO>]s (4)

[NO;]y  [NO]g

Where [}, is the concentration at the soil level andi§] the concentration measured on the tower. Irtlasion, we correct
NO fluxes for the underestimation of NO fluxes daehemical reactions inside the chamber with \@hamging between 0

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

As studied by Kristensen et al. (2010a) and Kriséenet al. (2010b), {deposition can decreasg Ebncentration close to
soil surface further. However, considering thgtad@ncentrations calculated near the soil are ayready low (1 ppb at soil
level compared to 24 ppb at 8 m, averaged for titseemeasurement campaign); @eposition has been considered of
secondary importance in this calculation and hasbeen included. If @deposition were to be included it would possibly
decrease the correction of NO fluxes and consetyusightly decrease NO emissions in a negligitdeportion compared
to the correction already applied for the chemieaktions inside the chamber.

NH; measurements have not been corrected from a pessibraction with particulate matter (PM) as Pbhcentration
(not measured at Savé) are supposed to be low $e&@ané is located in a rural area far from anthgepic pollution
influence. The walls of the Teflon chamber are méshdaily to reduce any interference of N\kith PM deposition in the
chamber. The effect of PM, even at low PM concéiatna, may reduce the measurement accuracy andeératuuncertainty
on the detection of the NHIux from soil. This uncertainty has not been ased quantitatively, but the reader must keep in

mind that NH fluxes may be estimated with less accuracy becafuge presence of PM, especially for low fluxes.



2.4 Data quality check

265 A quality check method based on the following ctités used to select observed fluxes (Delon egall7):
- 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. Theiatawn of NH; is less stable than for NO because of potential
interaction with PM in the chamber. However, 80%Hh& R were superior to 0.6 for NiHand 100% for NO. Examples of
the variation in time of the concentration of N&hd NO in the chamber are shown in Appendix Bvar different soils.

270 - Aflux error was estimated by calculating thepdission of points around the linear regressiorépesl According to this
method, the dispersion for NO flux calculation @nprised between 5 and 12%, and the dispersioNifrflux calculation
is comprised between 15 and 20%.
- The concentration difference between the lastthadirst NH, measurement point has to be more than 0.4 ppbitiséps
of the analyzer). Rwas generally lower than 0.4 for concentratiofiedéinces below 0.4 ppb.

275 Finally, 351/488 (72%) Nkiflux measurements and 459/488 (94%) NO flux meaments are considered valid. Among the

351 NH; valid fluxes, 30% are derived from a concentratidference of less than 0.9 ppb.

Uncertainty of the NKlflux calculation

Despite all precautions to reduce adsorption orctteanber walls and/or interaction with PM in aged Appendix B, C D
280 and E), Rare less good for NHdue to potential chemical or physical interactidmaterial with NH (whereas considered

as negligible in this study). However, no absolaterection for adsorption can be calculated indfiebnditions. Teflon

remains the more reliable material to measurg,Nid shown in Sauren et al. (1989) who find thdlofehas the lowest

adsorption affinity for NH (as compared with aluminium, parafine and goldi, & passivation time lag remains for NH

detection in measurements systems (Yokelson €G03).

285 2.5 Meteorological station

Continuous in situ observations of meteorologiciables, including air and soil temperature andstnoe, 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.,
2016, Kohler et al., 2016, Handwerker et al., 20M&ser et al., 2016). An overview of the complkete of instrumentation
290 and measurements is given by Brooks et al. (20dfjle a summary of the available ground-based mmetegical
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 Techgpl(KIT) instrumentation at 5cm depth on grassjeamtd average soil
moisture, between 0 and 30 cm, measured by theelhsiig Paul Sabatier (UPS) instrumentation in tlazenfield. Details
of the instrumentation is given by Brooks et aDX2). We include soil moisture measured with bgttesms as the inter-

295 comparison of the two methods is out of the scdihis study.

10
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2.6 Soil characteristics (texture, pH, N content)

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

campaign.

Samples were dried in ambient conditions (meantihag-temperature is approximately 26 °C, Kalthdffak, 2017), and
stored in the dark. After drying, the weight of emples was measured to determine the bulk defasitydry soil mass /
total volume), which was found to be 1.24 +0.14g°chssuming a density of soil particles)(@f 2.6 g crit , the Water
Filled Pore Space (WFPS) is calculated with thipfahg equation 5:

WFPS = SM/(1-dd) . ®)

where SM is soil moisture in %

Soil samples were analyzed for the determinatiotexiure, ammonium concentrations [NH C/N ratio, total C, total N,
and pH at the GALYS Laboratoire (http://www.galgbbratoire.fr, NF EN ISO/CEI 17025: 2005). The ssat were
performed two months after sampling. We assume thatammonium content in litter or soils is not rfied by
volatilization or chemical transformation duringaisport and storage, because of the very low soiktore level in
samples. Indeed, when collected, WFPS of the sampleged between 6 and 14% (mean=8.5+3.5%) andesogderature
between 35 and 38 °C (data obtained from the ds¢sbdescribed in Brooks et al., 2017). Bai et2i18, and references
therein) have found that significant changes infigation and net mineralization (influencing taenmonium content) may
occur when soil temperature raises until 35°C @pgmum for nitrification), for optimal soil moista conditions ( WFPS
=20%, Oswald et al., 2013). In the present study,tesmperatures when sampling were equal or atlbe@eoptimum, and
WFPS was below the optimum, reducing the nitrifmatefficiency and the change in ammonium cont8etveral authors
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 edrately after collection. The protocol used in study is identical.
Other studies (Bai et al., 2010, Cassity-Duffreplet2015, Vanlauwe et al., 2002) also published@nium measurements
made on air dried soils from seasonally dry climatith comparable textures to the soil in Savél ®ature is determined
following norm NF X 31e107. Clay (<2m), fine silt (2 to 2Qum), coarse silt (20 to 50m) and total sand (50 to 20Qn)
are determined without decarbonation. Organic cadral total carbon are determined following normIR© 10694. The
whole carbon of the sample is transformed inte.Gen CQ is measured by thermal conductibility. NF 1ISO 188 used
for Total N. Mineral nitrogen is determined follavg an internal method MT-AZM adapted from norm NI 14256-2.
This method uses a potassium chloride solutionia@DFRAC certified. The sample is heated at 1000f8 O.. Products
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of combustion or decomposition are reduced pn N is then measured by thermal conductibility (cadhzeter). pH is
330 determine!d according to norm NF ISO 10390, withh samples stirred with water (ratio 1/5).

2.7 Soil ammonia emission potential I'y 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 Eite.soil emission potentia} is the ratio of [NH'] to [H'] concentrations
in the water solution of the soil (mol'). A largeI'y indicates that the soil has a high propensityniit &H;, considering

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

The soil compensation point has been calculated from the emission potehjieas a function of soil surface temperature
(T4in K) according to Wentworth et al. (2014):

340 74 (ppb) = 13 587 Iy~ €103%K/T9) x 10, (6)

The soil compensation point indicates the equilitribetween gaseous Nl the soil pore space and [NHin the soil

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

2.8 Stepwise multiple regression analysis

345 A stepwise linear multiple regression analysis wasgormed between daytime averaged gas fluxes ofaN® NH and
relevant available daily averaged variables suakiad speed, soil temperature at 5 cm, soil moésair5 cm, soil heat flux,
outgoing longwave radiation and incoming shortwaadiation. Soil parameters such as mineral nitrodetal N and
organic C, soil texture and pH could not be usedHis regression analysis since their relative sneaments did not have
the same temporal resolution as the other paramelae R software (http://www.R-project.org) wagdigo provide the

350 results of this linear regression analysis.

2.9 GEOS-Chem

GEOS-Chem is a global three-dimensional modelagdspheric chemistry driven by meteorological infpain the NASA
Goddard Earth Observing System (www.geos-chemBReg, et al., 2001). In this study we use GEOS-Chemsign 10-01
which includes the process-based parameterizatioib NO emission by Hudman et al. (2012). Thisgpaeterization
355 represents available nitrogen (N) in soils usingme specific emission factors, online wet and depasition of N, and
fertilizer and manure N derived from a spatiallykoit dataset, distributed using seasonality dsgtifrom data obtained by
the Moderate Resolution Imaging Spectrometer (MQDEsnissions are a smooth function of soil moistund temperature

consistent with point measurements and ecosystala egperiments. This parameterization also inayuldsing following
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soil wetting by rain or irrigation, representedaafiinction dependent on dry spell length. The patanzation by Hudman
360 et al. (2012) was successfully evaluated for pglgwents in central Sahel (0-30° W, 12—-18° N).

Boundary conditions for our experiment are generétem 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 w&rtiesolution of 47 levels (up to 0.01hPa). Mebémgy is driven by
365 the NASA GMAO (Global Modeling and Assimilation @f¢) GEOS-FP (Forward Processing) assimilated meliggical
data. The global model is spun-up frofiMay 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 simulatiisnthen run from
1% May 2016 to i August 2016 using the 4° x 5° boundary conditiamsnf the global simulation. All simulations use the
GEOS-FP meteorology which has a three-hour timeluten. We used the same MODIS/Koppen land covap ras in
370 Hudman et al. (2012; http://glcf.umd.edu/data/ld)ich includes 24 land cover types. In this simolative use EDGAR
v4.2 (EC-JRC/PBL, 2011) for anthropogenic emissidBEED4 (Giglio et al., 2013) for biomass burningigsions and
MEGAN v2.1 (Guenther et al., 2012) for biogenic ssndns of volatile organic compounds. The same sarignventories

are used for both the boundary conditions and testWfrica simulation.

3 Resultsand discussion
375 3.1 Meteorological data

Mean air temperature averaged over the whole campaas 25.4 + 2.6 °C, mean wind speed was 1.3 #10$, mean
relative air humidity is 86.3 £ 10.5 %, mean seiinfperature was 25.2 + 3.4 °C, mean KIT soil mossatr5 cm was 7.1 +
3.6 %, while mean UPS soil moisture averaged betvleand 30 cm was 4.5 + 2.8 %. Total KIT precipitatwas 198 mm
for the whole campaign, and total UPS precipitati@s 215 mm.

380
Median diurnal cycles of air temperature, specHigmidity and precipitation are reported in Kalthef al., (2017).
Knippertz et al. (2017) distinguish four differgsttases of the monsoon season during the DACCIWApaan (14" June
to 30" July 2016) over the DACCIWA focus region (5-10° 8¢, W - 8° E), which covers a wide area of West édrisee
Fig. 1, Knippertz et al. (2017)). The division inghases is mainly based on the north-south pretipit difference between

385 the coastal zone (0-7.5° N) and the Sudanian—%ahadine (7.5-15° N), both averaged across thetlatgyrange 8° W-8°
E. Save (8.03° N) is located very close to the bolmbtween the two zones, with a rainfall patteat seems to follow more
closely that of the coastal zone rather than thiah® northern inland Sudanian—Sahelian zone. Tfmsephases are: the
pre-onset phase characterized by a rainfall maximaar the coast (before 2dune, phase 1); the post-onset phase during
which the rainfall maximum occurred inland (23une - 280 July, phase 2); the wet westerly regime when tiefall

390 maximum shifted back to the coast {24 26" July, phase 3); and the recovery of the monsodh aishift of the rainfall
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maximum inland (27 July until the end of the campaign, phase 4). &c#fit 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
Guinean coast (see Knippertz et al. 2017 for a rdetailed description). At the Save site the motnse rainfall events
happened the day before the first soil fluxes olm@m, on 18 June 2016, and towards the end of the measurement
campaign between 2aand 2% July 2016. Other minor rainfall events are recdrde 19" and 27" June, 8, 12", 13", 24"

and 28' July. Daily rainfall measurements are reportefigs. 2 to 5.

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

Bare soil recorded the lower amount of total s@88I15 + 1.82 %) and the higher amount of clay (51863 %), fine (5.13
+ 0.96%) and coarse silt (5.98 + 0.51%). Grasslaedrded the higher amount of total sand (89.2071 @) and the lower
amount of clay (3.15 £ 0.50%) and fine silt (2.99.82%), while intermediate values were found for maize field and

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

Soil organic carbon (C) and total nitrogen (N) eespectively 12.2 + 5.7 g Kgand 0.95 + 0.51 g Kg averaged for all land
cover types over the entire campaign. Table 4 giedlscharacteristics for each land cover typesluising individual values
of C/N ratio, soil organic C and total N for thetiem field campaign. The highest average soil oig&hwas measured for
bare soil (17.3 + 5.9 g K and the lowest soil organic C was measured fassjand (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 averaga N
was measured for bare soil (1.44 + 0.51 g)kand the lowest total N was measured for grasgjamd + 0.04 g kg), while
the maize field and forest site accounted simitapants 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 lex Rb 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 organico@pared to these
studies. Values of C/N and soil organic C recoridiedhe maize field at the Save site are slightbhkr 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 poess paragraph are sandy, as the Saveé site. The Biéda(Delon et al., 2017)
also shows similar pH than our site (Table 5), e/tolwer pH (acidic or near-neutral) was recordethatsites of Lamto (Le
Roux et al., 1995, Lata et al., 2004) and AgonkanifiBarthes et al., 2004). Table 5 provides indigidualues of pH,
[NH,'], T'g andyg for the entire field campaign. The highest averaidevas observed for bare soil (8.23) and the lodies
the forest site (7.07), while measured average pid W27 for grassland and 7.70 for the maize figtsk [NH,"] content

averaged for all land cover types over the en@mmaign is 5.33 + 4 mg Kg The highest average [NH was recorded for
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the maize field (7.9 + 6 mg Ky and the lowest for grassland (2.0 + 0.3 mi)kéwerage [NH'] is 6.2 + 5 mg kg and 7.0
+ 2.2 mg kg for forest and bare soil, respectively. Dick et (2006) have found NH concentrations between 2 and 8
mgN.kg" in Senegalese soils, which is very close from results. 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 coulddoe to the fact that these bare soil patches epEd 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., 200guia and Tam, 2000).

3.3 Soil emission potential T'y and compensation point yg

The mean soil emission potentials for the Saveisid 714 + 58 077, with values ranging from 3859 343. The highest
values of soil emission potentials are observed&oe soil (113 672 + 67 788), followed by maizddi(33 880 + 20 680),
forest (11 982 + 11 061) and grassland (4 929 89).4The ammonia compensation point ranges betwden? 215 ppb,
with soil temperatures between 25 and 29 °C. Tohdst values of;are observed for bare soil (1 607 + 993), follovibgd
maize field (473 £ 317), forest (175 £ 167) andsgiand (58 = 47). Our values of soil emission pidhor bare soil and
maize (no fertilization) are comparable with thgsesented in Massad et al. (2010, table 4), althdhigse data come from
measurements taken on different ecosystems. Bahdy, values recorded at the Save site exceed thosedeztby 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 ngN 8T, while average NO fluxes for each land cover tgpe 8.05 + 3.49 ngN ths!
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 ngNs” 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 til@vi@able 6).

Other measurements of biogenic NO soil emissions 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 highen those measured
from other wet savanna sites. Our measuremenis &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 studieasured NO emissions during different seasonssaitidnoisture
conditions compared to our study. For example, ®aret al. (1996) recorded NO emissions up to 20 mg s* over an

open savanna during the period going from the dnthe dry season to the beginning of the wet seahlitnic oxide
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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.

Daytime means of NO concentrations are measureeg ¢tothe soil (0.1m, half height of the chambed eeported in fig. 2
to 5. Daytime means of NO concentration vary froi281to 5.40 ppb for all sites. The average coneéptr during the
whole campaign on all sites is 2.70 = 1.03 ppb.rage NO concentration is 2.97 + 1.49 ppb on baileZ87 + 0.96 ppb on
grassland, 2.55 + 0.83 on maize, and 2.76 + O.@bgppforest soil (Table6). The concentrationscprasi equivalent for all
sites. As these concentrations are low, they ddeaat to NO deposition on soil and the NO flux stagsitive. In fact, NO

deposition has been measured in other studiesirotiie case of high NO concentrations (>60ppb, llevet al., 2011).

Figures 2 to 5 show daytime averaged NO and; filkxes (+1 standard deviation) for each land coyge, along with
precipitation and soil moisture. The spatial vaitighof NO fluxes is high, especially for bare kdbrest and the maize field
where underground roots, not visible at the surface heterogeneously distributed. These rootdilely to influence the
ammonium content of the soil, and the subsequentflN©O measurement. Standard deviation is genersthaller for
grassland (except for two days, July 9th and 13timgre the vegetation (and the root distributienjriore homogeneous.
The variation of soil moisture is consistent witie oresence of rain events, showing a sharperageref 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 atl320In fact, a light precipitation event (5-15 mogcurring on dry soils
can result in a large flux of NO (Meixner & Yand)ab, Hartley & Sclesinger, 2000). However, when smisture stays at
an equivalent level, after several rain eventss@uimissions do not occur (Millet et al., 2004).eCia this non linear
character of the NO fluxes, no direct correlatioaswound between NO fluxes and environmental viegabuch as soil
moisture or soil temperature taken individually. idaver, soil temperature and soil moisture weremeasured on the same
soil parcel where the soil fluxes where measuretitha location of the soil flux measurements watskept constant even
for the same land cover type on the same measutetagnThis measurement protocol was designedvi® g estimate of
soil fluxes at a large ecosystem scale, rather teanoducing the relationships between soil flusesl meteorological

variables, like soil temperature and soil moisture.

A multiple linear regression analysis was perfornbetiveen daytime mean NO fluxes and the followiagables: wind
speed, soil temperature at 5 cm, soil moisture @n5soil heat flux, upward longwave radiation almdvnward shortwave

radiation. This regression give$=®.49 (p-value=0.004), indicating a weak but erigtielationship between those variables

16



490

495

500

505

510

515

520

and NO soil emissions, while the regression waskveEdween 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 atneosur experiment does not show the details @faohial 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 coaisttle impact of vegetation on the net ecosystam #s we focus on soil
fluxes only. However, the net emission to the aiphese should take into account the oxidation of tdONO2 and the
eventual re-deposition of NO2 on the vegetatian,what is called Canopy Reduction Factor and ssraged to be a linear
function of the Leaf Area Index (e.g. Yienger arali, 1995, and Ganzeveld et al., 2002).

3.5 NH; fluxes

NH; fluxes measured during the field campaign rangeésen -6.59 and 4.96 ngNfis®. Ammonia fluxes averaged over
all land cover types are -0.91 # 1.27 ngN s, showing a predominance of Nideposition over emission, which is
verified for every land cover type, with an averagéue of: -1.33 + 0.86 ngN Tns™ for bare soil, -0.75 + 0.31 ngN frs*
for the maize field, -0.48 + 0.55 ngNns” for grassland, and -0.30 + 0.38 ngNrsi" for forest (Table 6). Low positive
ammonia fluxes, indicating average Nemission, are only recorded during three daysyéent &' and & July, after the
longest dry period of the measurement campaigru(Eg2 to 5).

As discussed in Appendices B and C, of 30% of iiddial fluxes used to calculate the daily averagesvary low and not
distinguishable from adsorption or desorption ofsNid chamber walls. These very low fluxes are howewveaningful and
indicate that some periods of near zero fluxes rbastaken into account to represent the procedsescbanges in these

ecosystems.

To our knowledge, Nklsoil fluxes from West African wet savanna are anilable in the scientific literature. In Delonadt
(2017) NH soil fluxes measured in Dahra (15°24’ N 15°25’ \8gnegal, on a dry savanna ecosystem, show lowslwith
a predominance of NfHemission: 1.3 + 1.1 ngN s, -0.1 + 1.1 ngN i s* and 0.7 + 0.5 ngN hs” over three different
measurements campaigns. However, Sutton et al7y20®ws how pre-cut grassland is characterizeldHbydeposition, as
in our study, in contrast to post-cut grasslandctviis marked by Nklemission. It is interesting to notice that therktture
provides up to about 700 ngNas™ NH; emission for fertilized Zea Mays fields (Walkeradt 2013) while in our study site

NH; deposition was recorded for the maize field, whéchot treated with mineral fertilizer.

As for NO concentrations, Nftoncentrations are reported in fig. 2 to 5. Dagtimeans of Nklconcentration vary from

nearly 0 to 12.46 ppb for all sites, and the aver@gncentration is 4.42 + 3.23 ppb during the witalapaign. Average NH
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concentration is 6.28 + 3.90 ppb for bare soil283: 1.79 ppb for grassland, 4.36 + 3.99 for thézméeld, and 3.68 + 2.13

ppb for forest (Table 6). The largest depositiarxéis are found on bare soils, where the largestesdrations are measured.

A multiple linear regression analysis was performbetiveen daytime mean NHuxes 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 aexistelationship, with R=0.37 (p-value=0.03). This correlation highlights
the link between NEIfluxes and relevant environmental parameters. Wewedhe same considerations explained in Sect.

3.4 for NO emissions are also valid for the cotietabetween Nk fluxes and meteorological variables.

According to the current parameterization of saiinaonia emission potential (Sect. 2.7), high valokepH and [NH'] in

the liquid phase will determine high valuesgfindicating that the soil has a high propensitetait NH;. However, despite
the high values of jrecorded, our measurement site remains a net sinkH;. The reasons for this can be manifold. One
explanation could be that soil particles on oue sitay have a high adsorption capacity limiting aheount of soil gaseous
NH; concentrations (Neftel et al., 1998) and the largast of the estimated ammonium content in thérsay not be in the
liquid phase, but adsorbed by solid soil particlasthese conditions ammonium will not be availatie gas exchange to
open porosity and the atmosphere (Flechard e2@13). 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 deposifiwacess. David et al. (2009)
conclude from their measurements that the barecaoilbe a significant source of Ninly for a limited period and only
when the cut vegetation is removed, but not if $bé surface remains covered by grass. Measurenierfsrrara et al.

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

Our measurements were conducted without vegetatgide the chambers, but vegetation was presetiterfields. 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 dominatexXichange (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 seajfaand 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 daytime averaged (8ta.&hp.m.) soil NO emissions with those modelledGOS-Chem

for the entire period of the campaign over the nhagtel box including the measurement site. The nhagte box is

positioned at latitude 8.0° N — 8.25° N and londéw®2.19° E — 2.5° E. The area of this grid box58 8. The land cover

type within this grid box is classified as “Savahr({@/arm)” but the surrounding area also consist8Mfody Savannah”,
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while the observations were taken over the foud laaver types representative of the region: baile g@ssland, maize
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 emissionsddien higher than those recorded over the grassaeas, however,
simulated NO emissions are often within the eramskof measurements (Fig. 8he model uses land cover and vegetation
types to simulate the highly variable land and vatien cover of the observation site, for this ragve do not expect the
model to reproduce the site-to-site variabilityttoé measured soil fluxes, but to at least reprodiiei average magnitude
and behavioutt appears that when the model is able to reprodheelength and the intensity of the rain event§ N
emissions are especially well simulated, e.g. tlelehis able to reproduce the longest rain perfomh( 20" to 26" July

2016) and the decrease of emissions at the erg ahéasurement campaign.

3.7 Estimate of total NO soil emissions and NH3 deposition for Benin

In order to give a tentative estimate of NO and;ISbil 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 caged in this atlas was based on Landsat imagetyeapert visual
interpretation. In particular, these maps provideaacurate indication of cropland distribution gsiisual interpretation.
According to CILSS (2016) Benin’s present-day (20Bd 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$t and, on a smaller
extent, settlements). In the Atlas (CILSS, 2016elsils are defined as those surfaces that aeeevan in the green/rainy
season. For Benin, the amount of bare soil estinayeCILSS (2016) is very small, not big enouglappear on the Atlas’
maps. We have multiplied average NO emissions medsat the Save site for each land cover type bgstimate of the
land cover area of each class given by the Atlashde made some approximations: as the land ndedtaver maps do not
distinguish between shrub savanna, tree savandayaaded savanna, we have considered NO soil emis$iom Save’s
grassland savanna to be representative of the @jesevanna category in CILSS (2016). Moreover,Atlas has a crop
category that does not distinguish the type of enog we only have observations of NO soil emissfom® an intercropped
maize field. We have taken NO soil emissions frbmmaize field as representative of NO emissiorBerfin’s agricultural
land, but other cultures are present in other paftshe country, e.g. oil palm plantations, whemesgbly stronger
fertilization could determine higher NO soil emi@ss. This tentative calculation gives that BeniN® soil emissions for
the month of July (wet season) is 1.17 £ 0.6 GgNfinpi.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@ smissions with GEOS-Chem adding together the $¢ emissions

from the grid boxes where 50% or greater of the I within Benin. Benin’s total monthly NO soiéssions calculated
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with GEOS-Chem for the month of July are 1.44 Ggblith and agree with the tentative calculation gigbove (1.54 +
0.8 GgN/month). However, the land cover types dogeBenin in GEOS-Chem differ from those in the G8ographical
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 laB&in’s total monthly NO soil emissions calcuthteith GEOS-Chem
for the months of May and June are higher, 3.51 @gidth and 2.59 GgN/month, respectively, given ¢hoonths are at
the beginning of the wet season and are charaetefiy more predominant pulse emissions. Using #mesmethod
described above we have upscaled point measuremifeNtd; fluxes with relevant land cover surfaces from C3L&016)

and obtained that total NHiry deposition for the month of July is 0.21 +DGgN/month (0.22 kgN Hayr™). This value is

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

4. Conclusion

We provide soil flux measurements along with shémcteristics for a land cover type, savanna,ithebnsidered to have
large NO emissions (Davidson and Kingerlee, 198@y, for an area of the world, West Africa, witllditobservations. 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 savanpairsittentral Benin from mid-June to the end of JAR16.
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 ssilmoisture were not
reproduced. Rather than looking at the microbiadl ghysical processes behind soil fluxes, we are &bl provide
observations that are representative of a biggéaseiarea and that represent the spatial varialofifluxes. However, we
observe that while shorter rain events determinégnarease in NO soil emissions, the longer raimewt 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 soilstuoe is not univocal. Soil emissions of NO incesastil an optimum

value of soil moisture is reached and then decr@@seald et al., 2013).
NH; emissions measured in this study probably underat# total NH emissions for the entire country, as possibly éigh

localized NH emissions are present in the south of the coumbrgre industrial scale agriculture would probabépidy

mineral N fertilization.
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Soil NO emissions simulated by GEOS-Chem are irdgmgreement with the local observations taken astte of Save,
620 providing a good baseline for simulating local aspiveric chemistry. Moreover, GEOS-Chem is alsodndgagreement
with the tentative total monthly NO soil emissiastimate 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 @ierice in the

results of modelling studies of local and regicaalquality and climate over this region.

625 Agriculture is the first form of economic activity Benin, occupying a majority of the active pogiga. The most obvious
recent change in land cover is the major expanefoagricultural land across most regions of Berigricultural areas
(including plantations and irrigated agriculturepgressed from 9.2 to 27.1 % of the total countgaabetween 1975 and
2013, improving food security. Oil palm trees ahe tmain crop, and oil palms farmland already cayermst of the
southern Terre de Barre plateau of Benin by 1978, iacreased by about 28 percent over the follov@8gear period. A

630 century or more ago, Benin was covered by densdodically diverse forest. Since then, Benin hag leearly all of that
forest cover, by 2013, 58 % of the 1975 forest cdad been lost, leaving only 0.2 percent of thenty covered with
dense forest. Savanna area has also decreasedpeyc@t since 1975, but it still remains the dantrland cover type in

Benin and covers more than half of the country 3I.2016).

635 More measurements of NO and NeExchanges between soil-vegetation-atmosphereeasaof Benin (or West Africa)
interested by land-use change could improve oimagt 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
the atmosphere. Management practices of agricuétfieet biogenic soil emissions. Moreover, loosgayanna to oil palm
plantations or other crop would have different itgaon air quality, carbon budget and climate tte@nconversion of forest

640 into crop or oil palm plantation. Furthermore, pdlm plantations are generally closer to the caast likely to be more
influenced by anthropogenic emissions from indusimg coastal cities (Knippertz et al., 2015a, 20164 palm trees are
also a strong isoprene emitters. Isoprene emissiafisence ozone concentration and the oxidizingacity of the
atmosphere, and it is a source of secondary orgmerigsol, thus affecting local air quality and glbblimate. Large-scale
land use change in the tropics — specifically thiversion of tropical rain forest to oil palm platibns in Malaysia — were

645 shown to cause changes in atmospheric compositidrchemistry (Hewitt et al., 2009), indicating thia¢ management of

the emissions of reactive nitrogen species is ¢issém prevent damaging levels of ground-levelmmzn those regions.
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Appendix A

The dilution uncertainty is calculated based onuheertainties of standard concentration, stantlavd and dilution flow.
The uncertainty of standard concentration is 5%0N@rand NQ, 2% for NH;. The maximum uncertainty of dilution flow is
1% of the plain scale (10 L.mij for the three standards divided by the flow usethe diluter (3.2 L.mifl maximum),
which gives 0.1/3.2=3.1%. The uncertainty of staddibow is 1% of the plain scale standard flow ¢60.min™) divided by
the standard flow used to obtain the needed coratent (50 ppb for NO or 30 ppb for NH

Standard flow=(needed concentration/standard caratem)*dilution flow.

For NO, dilution flow=3.2 L.min', needed concentration=50 ppb, standard concemrgi73 ppm, standard flow=18.4
mL.min™. Uncertainty of the standard flow = 1%*50/18.4=124. Total uncertainty is therefore 5%+3.1%+2. 1%8%.

For NO,, dilution flow=3.2 L.mif", needed concentration=50 ppb, standard concenirei28 ppm, standard flow=17.2
mL.min™. Uncertainty of the standard flow = 1%*50/17.22®.9Total uncertainty is therefore 5%+3.1%+219%

For NH3, dilution flow=3.2 L.min', needed concentration=30 ppb, standard concesirt#t.78 ppm, standard flow=6.5
mL.min™. Uncertainty of the standard flow =1%*50/6.5=7.786tal uncertainty is therefore 2%+3.1%+7.7028%.

Appendix B

We ran a laboratory experiment to verify that déjpms on the walls of the Teflon chamber is neddigi

Ambient air concentrations were measured by thé/aeig inside the room where the analyzer and tzenber were placed.
Measurements of N{Hconcentrations were made in ambient air with arithomt the Teflon chamber attached to the
analyzer. The Teflon chamber was placed on a Téflome, and they were sealed together with Tefigret Measurements
of NHs3 concentrations with the Teflon chamber attachedhto analyzer were followed by measurements withtbet
chamber 30 to 60 minutes later. The two sets ofsoreanents were made under similar conditions ofptgature and
humidity. Average values of NHconcentrations were calculated for 10 to 30 mimuiefore 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 BlZero air). Measured Ndtoncentrations are reported in Table B1, alony vémperature,
humidity and the ratio between average concentratith and without the Teflon chamber attachedh®analyzer.

This test was made at different times of the daydiffierent days: air humidity varied between 46 &#d6, temperature
varied between 25 to 29°C, while pressure varigdidoen 1006 and 1008 hPa (not reported).

Results show negligible variation between concdiotna of air reaching the analyzer via the chamiyegoing directly to

the analyzer; The average difference in concentras 0.9 ppb, and should be considered as thetaetdimit for fluxes
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significantly different from zero (i.e. includingofential effects of adsorption or desorption). 30%the concentration
differences are below 0.9 ppbv.

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 8.0+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 B1 Measurements of Nftoncentrations (ppb) through the chamber (TC)iracty (D) to the analyzer.
690
Vent (4mm diameter) Teflon tube connected to the analyzer
Side of the chamber: vent and tube connection
located in the middle of the square
Picture B1: Description of the Teflon chamber.
695

To verify if mixing the air in the chamber by a fawuld change the shape of the increase in coratémr or the

concentration itself in the chamber, a test wasamnaith a syringe simulating the action of a fae.(ive have mixed the air
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700

705

710

715

inside the chamber by sucking and releasing theessimwith a syringe through the small vent, whé#ing outside air
entering the chamber by the vent as usual to enmessure equilibrium between outside and inside Bhe comparison

between a flux measurement with and without mixdngs similar slopes of the concentration incrdasa@ecrease).

Appendix C

NH; concentration was recorded continuously inside Taon chamber (placed on a Teflon material aghi@ tests
summarized in Appendix A), and the chamber wasneldasuccessively with three different papers, reteto as A, B and
C. The concentration was recorded at least for 8tutes between every cleaning. Table C1 summatizesaveraged
concentrations (and standard deviations) for epenjod. Results show a variation of concentratidremvdifferent papers
are used, but this variation is not reproduciblel @ difficult to differentiate from a natural vation of the NH
concentration in the room. As a matter of fact, dffect of cleaning on NHadsorption or desorption is not clear, but
guestions about the potential pollution of the chamarise. Results in Table C1 may lead to the losian that if the
difference in concentration during a flux measuretrg inferior to a certain threshold, it is notcassarily a flux from the
ground but could be due to adsorption or desorptibiNH; by the chamber walls due to cleaning. Only lovkds are
concerned.Positive or negative fluxes inferior t650ngN.n.s* (corresponding to concentration differences les® 10.9
ppb in the flux calculation, as defined in Appen8ixrepresent 30% of the 350 measured fluxes.d§ghlow fluxes were
removed from the database, the resulting averagédvae slightly larger in magnitude (-1.1 instedd®9 ngN.n¥.s-1). As

a conclusion, these tests may help to warn theerethdit caution must be kept for low Blifluxes because of possible
pollution in the chamber.

Paper used for cleaning 30 minutes average (stand&ifference between two

deviation) in ppb successive averages in ppb

First day of test

Before cleaning 8.13+0.58
7.43+0.47 -0.69
B 8.55+0.79 1.12
9.73+0.81 1.18
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B 9.75+0.88 0.02
Second day of test

B 16.35+0.92

C 16.77+0.60 0.42
A 17.30+0.76 0.53

A 18.94+0.72 1.64

B 18.96+0.62 0.02

C 18.79+0.79 -0.17

Table C1: 30 minutes averaged concentrations iféfilen chamber after cleaning with different digpers.

720 Appendix D

Location of the temperature measurement TemperéiGle
Air 32.7

Sail 34.2

Chamber: outside wall 33.1

Chamber: inside wall 33.3

Chamber: outside top 33.8

Tube: outside close to the chamber 30.5

Tube : outside close to the analyzer 30.3

Tube: inside 30.9

Table D1 : Temperature measured on the Teflon bleamnd on the Teflon tube. These measurementshieeremade after
the field campaign in direct sunlight at 3:30 PMed&durements were made with a calibrated thermomigte98509 with
stainless steel probe (-58 +150 °C).

725
Appendix E
NO and NH fluxes are calculated from the slope of their @ntation increase (or decrease) in the chambeughr time.

Two examples are given in figures E1 to illustrdite larger instability of Nkldetection compared to NO detection, due to

730 possible interaction of N§with chamber walls, or particulate matter in thamber.
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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 27.5°C

Soil type sandy

Sand percentage 87%

Clay percentage 4.1%

Table 1

Main characteristics of the Save site.
945
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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 unguiculata cowpea
Malvaceae Gossypium sp. cooton
Pedaliaceae Sesamum indicum sesame
Poaceae Zea mays maize

Sorghum sp. sorghum
Solanaceae Solanum lycopersicum tomato
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950 Table 2

List of plant species at the Save site. The listashmon names is not considered to be exhaustive.
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Bare Soll 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 2am) (%) 5.13+0.96 2.9340.32 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

Table 3

List of soil characteristics for each land coveyeat the Save site, including standard deviation.
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965 List of soil characteristics for each land covepdyat the Savé site for each soil sampling dayb&@wato-Nitrogen ratio

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

(CIN), organic carbon (g K§ and total nitrogen (g k§. The accuracy for the C/N ratio is 14%. The measent accuracy

for organic carbon and total nitrogen is 14 and 1B%pectively.
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Soil Type Date pH [NH,'] (mg kg") [INH,1[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 6291 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 poigy (ppb)

975 for each land cover type at the Saveé site for sadhsampling day. The measurement accuracy foispH15 when pH 7
and 0.20 when pH > 7. The accuracy for ammoniunceotmations [NH'], soil emission potentidly and soil compensation
pointyg is 25%.

980
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Bare soil Grassland Maize field Forest Mean ovdr
land cover types
NO fluxes (ng.nit.s%) 8.05+ 3.49 2.82+3.46 3.73+1.76 2.87+1.49 .794 5.59
NH; fluxes (ng.nf.s?) | -1.33+0.86 | -0.48+0.55 -0.75+0.31 -0.3038.| -0.91+1.27
NO concentration (ppb)| 2.97 +1.49 2.57+0.96 25583 2.76 £ 0.65 2.70+1.03
NH; concentration (ppb) 6.28 £ 3.90 3.28+1.79 4.3599 3.68 +2.13 442 +3.23
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Table 6: List of average NO and NHuxes (ngN.nf.s%) and concentrations (ppb) for bare soil, grasklamaize field and

forest sites, and for all cover types.

|
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-10 0 10 20 30 40 50

1010

1015

Fig. 1(a) Location of the Save site in West Afrifa), one of the bare soil sampling sites, (c) tresgland sampling site, (d)

the maize field sampling site and (e) the forest@ang site at the Saveé site.
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Fig. 2 Upper panel: Daily total precipitation (mrdgily mean soil moisture at 5 cm (%) measuredchieyktarlsruhe Institute
of Technology (KIT), daily mean soil moisture avged between 0 and 30 cm measured by the UnivePsiti Sabatier
(UPS) instrumentation, daytime mean NO fluxes it mg? s* measured at the bare soil siiddle panel: daytime mean

1025 NHj; fluxes in ngN rif s* ; Lower panel: daytime mean NO and Ntbncentrations in ppb. Vertical bars show the diath
deviation from individual fluxes and concentrations
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Fig. 3 Upper panel: Daily total precipitation (mrdpily mean soil moisture at 5 cm (%) measurechieyitarlsruhe Institute

of Technology (KIT), daily mean soil moisture avged between 0 and 30 cm measured by the UnivePsitié Sabatier
1035 (UPS) instrumentation, daytime mean NO fluxes il mg? s* measured at the grassland ;sk#ddle panel: daytime mean

NHj; fluxes in ngN nf s*; Lower panel: daytime mean NO and Nébncentrations in ppb. Vertical bars show the st

deviation from individual fluxes and concentrations
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Fig. 4 Upper panel: Daily total precipitation (mrdgily mean soil moisture at 5 cm (%) measuredhieyktarlsruhe Institute
of Technology (KIT), daily mean soil moisture avged between 0 and 30 cm measured by the UnivePsitié Sabatier
(UPS) instrumentation, daytime mean NO fluxes ilNnmg? s* measured at the maize field sjtéiddle panel: daytime
mean NH fluxes in ngN rif s*; Lower panel: daytime mean NO and Nebncentrations in ppb. Vertical bars show the

1045 standard deviation from individual fluxes and cartcations.

44



123 4567 8 91011121314151617 18 19 20 21 2223 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46

10 0
ot N i 2 g \ === ® ¢ <
4 ° il b Ly T S
<]
8 . r 2 8
Forestsite s
s« ¢
a : 2
o g Rain ac g
T NO flux (ngN.m2.s1) Eo
Z m  NH; flux (ngN.m2.s1) 5c ¢
. . . '® 3
<, — & = Soil moisture KIT (%) o €9
x . . . <
z — 3 = Soil moisture UPS (%) o
o
2 e £
T | =
| o @
=
0 100 ©
1
a
0
o 0
€
g f
(@)
S
< -
3
L
o
T
4 ~
10
=
Q
= .
P 5 | ® NH;z concentration (ppb) °
S .
= 4+ NO concentration (ppb) % s *
<
8 o
c
o
[S]
o
T
.
d « © (e} o © O © © O © (G} © © O © © O © © o © (o] o
Z ® R 2R R R 8 R B R RRRERERRR R LR B LR & & &
S < S S < &S < S S = = = = = = = = = = = = = =
S 9 © ¢ ¢ 9 ¢ < © 9 g g 9 ¢ 9 9 9 g g 9 9 9 g
«© wn ~ o - «) ['¢} ~ @D - 9] (o) ~ (o)) o o) wn ~ (o)) - «© wn ~
— — — — o (&} [aY) o™ ™~ o o o o o - ~ — — ~ o~ [a\) (o} o™

Fig. 5 Upper panel: Daily total precipitation (mrdpily mean soil moisture at 5 cm (%) measurechieyitarlsruhe Institute
of Technology (KIT), daily mean soil moisture avged between 0 and 30 cm measured by the Univedrsité Sabatier
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NH; fluxes in ngN nf s*; Lower panel: daytime mean NO and Nebncentrations in ppb. Vertical bars show the dsath

deviation from individual fluxes and concentrations
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1055 Fig. 6 Nitric oxide emissions in ngN fns® measured over each land cover type (orange dobdee soil, green for
and modelled with GEOS-Chem. Soil NO emissionglaily average between 8 a.m. and 6 p.m..
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