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Abstract. Three different models (STEP-GENDEC-NOflux, Zhad§@ and Surfatm) are used to simulate NO,,GDd
NH; fluxes at the daily scale during two years (20023 in a semi-arid grazed ecosystem at Dahra @IBO2N,
15°25'56"W, Senegal, Sahel). Model results are uatatl against experimental results acquired duthrge field
campaigns. At the end of the dry season, when itse rhins rewet the dry soils, the model STEP-GEIENOflux
simulate the sudden mineralization of buried ljtteading to pulses in soil respiration and NO ésxThe contribution of
wet season fluxes of NO and € the annual mean is respectively 51% and 57%, fNildes are simulated by two models:
Surfatm and Zhang2010. During the wet season,uamidity and soil moisture increase, leading toaasition between low
soil NH; emissions (which dominate during the dry montles)arge NH deposition on vegetation during wet months,
Results show a great impact of the soil emissioteril, a difference in the deposition processeshe soil and the
vegetation between the two models with howevewoaechgreement of the total fluxes. The order ofnitade of NO, NH
and CQ fluxes are correctly represented by the modelsyels as the sharp transitions between seasonsifisp® the
Sahel region. The role of soil moisture on flux midgde is highlighted, whereas the role of soil pemature is less obvious.
The simultaneous increase of NO and,@mnissions and Nideposition at the beginning of the wet seasoittitbated to
the availability of mineral nitrogen in the soildaalso to microbial processes which distributertiles between respiration
(CO, emissions), nitrification (NO emissions), volaétion and deposition (Nfemission/deposition). This objective of this
study is to understand the origin of carbon antbgén compounds exchanges between the soil aratitiesphere, and to

guantify these exchanges on a longer time scal&whly few measurements have been performed.
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1 Introduction

The Sahel is one of the largest semi-arid regionthé world and it is a transition zone between3abdara desert in the
north and the more humid Sudanese savanna in tith.do semi-arid zones, the exchanges of tracesggase strongly
influenced by hydrologic pulses defined as tempomcreases in water inputs (Harms et al., 2012}the West African
Sahel (between 12°N:18°N, 15°W:10°E), soil wateailability strongly affects microbial and biogeoathieal processes in
all ecosystem compartments (Wang et al., 2015)chvhi turn determines the exchange fluxes of C ln@ustin et al.,
2004, Tagesson et al., 2015a, Shen et al., 201&y. &long dry period (8 to 10 months in the Sphk first rainfall events
of the wet season cause strong pulse of, Big0, NO and NH to the atmosphere (Jaeglé et al., 2004; Mc C&llSparks,
2008; Delon et al., 2015; Shen et al., 2016, Tagess$ al., 2016b). Anthropogenic activities haw&rang impact on N and
C cycling, and in large parts of the world, depositof N compounds have several damaging impactearsystem
functions, such as changes in species biodive(Bitpbink et al., 2010). The Sahel is still a prégelcregion from this N
pollution (Bobbink et al., 2010), but climate changould create an imbalance in biogeochemical syofe nutrients
(Delgado-Baquerizo et al., 2013).

The emission of NO from soils leads to the formatid NO, and Q in the troposphere. Soil NO biogenic emissionsnfro
the African continent expressed in TgN‘yare considered as the largest in the world (Fowteal., 2015) because of
extended natural areas. The pulses of NO from #felSregion at the beginning of the wet season t@en shown to
strongly influence the overlying NQropospheric column (Jaegle et al., 2004, Hudmaal.e2012, Zérner et al., 2016),
indicating the urgent need of improved understagaifthe dynamics of NO pulses from this region.;Nrhissions lead to
the formation of particles in the atmosphere, saclammonium-nitrates (NNQOs), which vapour phase dissociation further
produces NH and HNQ (Fowler et al., 2015). The land-atmosphere exchaofyammonia varies in time and space
depending on environmental factors such as climati@ables, soil energy balance, soil charactedgstind plant phenology
(Flechard et al., 2013). Emissions of these comg@stnvolve changes in atmospheric composition (ezand aerosol
production) and effects on climate through greesbhayas impacts.

The N exchange fluxes are also influenced by tlie\soontent, and the main inputs of N compoundse the soil in semi-
arid uncultivated regions are biological nitrogéxafion (BNF), decomposition of organic matter (QMnd atmospheric
wet and dry deposition (Perroni-Ventura et al., @0B5oil N losses to the atmosphere involv®NNH; and NO gaseous
emissions, whereas within the soil, N can be léstevosion, leaching and denitrification. NO enassi to the atmosphere
are mainly the result of nitrification processesich is the oxidation of NH to nitrates (N@) via nitrites NQ through
microbial processes (Pilegaard et al., 2013; Cqni&®96). In remote areas, where anthropogenic @nsssuch as
industrial or traffic pollution do not happen, BHidirectional exchanges are regulated throughrde/@rocesses: NHs
emitted by livestock excreta, by soil and littergulated by the availability of NFand NH in the aqueous phase (NHXx), by
the rate of mineralization of NH and by the availability of water which allows Nkx be dissolved, to be taken up by

organisms and to be released through decompogicimesinger et al., 1991, Sutton et al., 2013di#ahally NH; can be
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dry and wet deposited on soil and litter (Laouglle 2012; Vet et al., 2014), on leaf cuticlesl stomata, and regulated by
chemical interactions within the canopy air spdamubet et al., 2012). The N cycle is closely linkedthe C cycle, and it
has been suggested that C-N interactions may regiMaavailability in the soil (Perroni-Ventura dt,&010). The link
between N and C cycles in the soil, and their ¢if@cOM decomposition, affect the emissions of @ Bincompounds to the
atmosphere. These cycles are interlinked by resmirand decomposition processes in the soil, aadalance between C
and N is controlled by biological activity, maintlyiven by water availability in drylands (Delgad@adierizo et al., 2013).
Indeed, the decomposition of soil OM, and its éficy, regulates the amount of £@at is released to the atmosphere
(Elberling et al., 2003).

Biogeochemical regional models have been appliedNfeompound emissions mostly in temperate regi@wterbach-
Bahl et al., 2001, Butterbach-Bahl et al., 2009here the spatial and temporal resolution of dataa8 characterized.
Global approaches have also been developed, witplified description of processes and with coansatial resolution
(Yienger & Levy, 1995; Potter et al., 1996; Yanadt, 2005; Hudman et al., 2012). Considering th@kvamount of
experimental data in semi-arid regions about tgeeexchanges and their driving parameters, onerdiimnal modelling is
a complementary, essential and alternative waytwdying the annual cycle dynamics and the undeglynocesses of
emission and deposition. The specificity of the isard climate needs to be precisely addressetténntodels used to be
able to correctly represent the pulses of emissamkthe strong changes in C and N dynamics atrémsition between
seasons. Improving the description of processesDnmodels in tropical regions is therefore a nemgsstep before
implementing regional modelling.

In this study, three main modelling objectives freused on: 1) investigating the links between M @ncycles in the soil
and consecutive daily exchanges of NO, ;Ndhd CQ between the soil and the atmosphere, at the arsuzé and
specifically at the transition between seasonscathparing two different formalisms for Nhbidirectional exchange 3)
highlighting the influences of environmental paréeng on these exchanges. Different one dimensioodkls, specifically
developed or adapted for semi-arid regions, weeel irs the study. As a study site, representativii@fsemi-arid region of
the Western Sahel, we selected the Dahra fiedd®itated in the Ferlo region of Senegal (Tagessah., 2015b). The one
dimensional models were applied for the years 201i®2013 to simulate the land-atmosphere exchdugesfof CQ, NO
and NH. Model results were compared to flux measuremeoitected during three field campaigns in Dahrduty 2012
(7 days), July 2013 (8 days) and November 20131é&h3), and presented in Delon et al. (2017).

2 Materials and Methods

2.1 Field site

Measurements were performed at the Dahra fieldostapart of the Centre de recherche ZootechniftirZ), in the
Sahelian region of Ferlo, Senegal (15°24'10"N, 5%&'W). The Dahra field site is located within tB®Z managed by the

Institut Sénégalais de Recherche Agronomique (ISRA)s site is a semi-arid savanna used as a gnazegkland. The
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Sahel is under the influence of the West Africanngtmon (cool wet southwesterly wind) and the Haramaithot dry
northeasterly wind) depending on the season. Rhisfeoncentrated in the core of the monsoon seaguch extends from
mid-July to mid-October. At Dahra, the annual ralhivas 515mm in 2012 and 356mm in 2013 with arraye of 416mm
for the period 1951-2013. The annual mean air teatpee at 2m height was 28.4°C in 2012 and 28.7%°€0i13, with an
average of 29°C for the period 1951-2003. The rabsihdant tree species d@alanites aegyptiaca andAcacia tortilis, and
the herbaceous vegetation is dominated by annuabi@dses (e.gDactyloctenium aegyptium, Aristida adscensionis,
Cenchrus biflorus andEragrostis tremula) (Tagesson et al., 2015a). Livestock is domindgdows, sheep, and goats, and
grazing occurs permanently all year-round (Assownal., 2017). This site was previously describedagesson et al.,
(2015b) and Delon et al., (2017).

2.1 Field data
2.2.1 Hydro-meteorological data and sensible andtient heat fluxes

A range of hydro-meteorological variables are mezby a meteorological station at the Dahra f@td (Tagesson et al.,
2015b). The hydro-meteorological variables usethis study were rainfall (mm), air temperature (°@)ative air humidity
(%), wind speed (mY, air pressure (hPa) at 2m height, soil tempeeat), soil moisture (%) at 0.05 m, 0.10 m and)0.3
m depth, and net radiation (W3n Data were sampled every 30 s and stored as fi5angrages (sum for rainfall). Data
have then been 3h and daily averaged for the parpbthis study.

Land-atmosphere exchange of sensible and latehtwesa measured for the years 2012 and 2013 withdaly covariance
system consisting of an open-path infrared gasyaeal(LI-7500, LI-COR Inc., Lincoln, USA) and a #&-axis sonic
anemometer (Gill R3 Ultrasonic anemometer , HampshiK) (Tagesson et al., 2015a). The sensors wenented 9 m
above the ground and data were collected at a 2fatdz The post processing was done with the Eddyf2.1 software
(LI-COR Biosciences, 2012) and statistics were wated for 30 minute periods. For a thorough desiom of the post

processing of sensible and latent heat fluxessspplementary material of Tagesson et al. (2015b).

2.2.2 Atmospheric NH concentrations using passive samplers

Atmospheric concentrations of NHind other compounds such as NBNGO;, O; and SQ were measured using passive
samplers on a monthly basis, in accordance withmtethodology used within the INDAAF (Internatiorétwork to study
Deposition and Atmospheric chemistry in AFrica)gnam (https://indaaf.obs-mip.fr) driven by the Ledtoire d'Aerologie
(LA) in Toulouse. While not being actually parttok INDAAF network, the Dahra site was equippecuwiite same passive
sampler devices and analyses of these samplerspegfeemed following the INDAAF protocol at LA.

Passive samplers were mounted under a stainlesshsider to avoid direct impact from wind trangpand splashing from
precipitation. The holder was attached at a hedgtabout 1.5m above ground. All the samplers weqgosed in pairs in

order to ensure the reproducibility of results. Baenplers were prepared at LA in Toulouse, indadled collected after
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one month exposure by a local investigator, and lsack to the LA. Samplers before and after expmsivere stored in a
fridge (4-C) to minimize possible bacterial decompositiorotirer chemical reactions. Samplers were then aedlipy lon
Chromatography (IC) to determine ammonium and t@itc@ncentrations. Validation and quality contrbpassive samplers
according to international standards (World Metémyiwal Organization report), as well as the sangplprocedure and
chemical analysis of samples, have been widelyilddtan Adon et al. (2010). Monthly mean Nidoncentrations in ppbv
are calculated for the period 2012 and 2013. Thasomement accuracy of NHpassive samplers, evaluated through
covariance with duplicates and the detection lievalluated from field blanks were estimated respelstiat 14 % and
0.7+0.2 ppb (Adon et al., 2010).

2.2.3 Measurements of NO, Nkland CO, (respiration) fluxes from soil and soil physical prameters

NO, NH; and CQ fluxes were measured during 7 days in July 201@ay in July 2013 and 10 days in November 2013;
these periods will hereafter be called J12, J13 b8 respectively. The samples were taken at tHifferent locations
along a 500m transect following a weak dune sldpp, (middle and bottom) with one location per dagch location was
then sampled every 3 days, approximately from 8 #faM7 PM for soil fluxes, and 24 hours a day for M@d NH;
concentrations. Between 15 and 20 fluxes were medsach day during the three campaigns.

NO and NH fluxes were measured with a manual closed dyndmilon chamber (non-steady-state through-flow chemb
Pumpanen et al. 2004) with dimensions of 200 mmthwid400 mm length x 200 mm height. During the dagpaign, the
chamber was connected to a Thermoscientific 17CG/ae@ whereas in J13 and N13, it was connectedThermoscientific
171 analyzer (ThermoFischer Scientific, MA, USAhe calculation of fluxes is based on an equatidailéel in Delon et al.
(2017), adapted from Davidson et al. (1991). Trerdase rate of NO and NHhixing ratios used in the flux calculation
equation was estimated by a linear regressiordfitbedata measured during 180 to 300s for NO (T@08IH3) following

the installation of the chamber on the soil, asitkd in Delon et al. (2017). Close to the Tefldmmber, soil C®
respiration was measured with a manual closed dynahramber (SRC-1 from PP-systems, 150 mm heigh®& mm
diameter) coupled to a non-dispersive infrared,/8@D analyzer EGM-4 (PP-Systems, Hitchin, HertfordshldK). Soil
CO, respiration was measured within 30 cm to the looadf the NO and NEfluxes. Measurements were performed on
bare soil to ensure only root and microbe resginatResults of NO, Niand CQ fluxes are presented as daily means with
daily standard deviations. Along with flux measuests, soil physical parameters were measured dtlengampaigns: soll
pH ranges from 5.77 to 7.43, sand content rangegele@ 86 and 94%, and clay content between 4.77a8%b. All the

methods, calculations and results from the fielthgaigns are fully detailed in Delon et al. (2017).
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2.3 Modeling biogenic NO fluxes, C@respiration and ammonium content in STEP-GENDEC-NO-lux
2.3.1 The STEP-GENDEC model

STEP model is presented in Appendix A, with forcuagiables detailed in Tab. Al, site parametersl uis¢he initialization
in Tab. A2, numerical values of parameters useth@equations in Tab. A3, and equations, varialgasameters and
constants used in the equations in Tab. A4.

STEP is an ecosystem process model for Sahelidrateous savannas (Mougin et 4B95; Tracol et al., 2006; Delon et
al., 2015). It is coupled to GENDEC which aimsegiresenting the interactions between litter, deas®pmicroorganisms,
microbial dynamics, and C and N pools (Moorhead Regnolds 1991). It simulates the decomposition of the oigan
matter and microbial processes in the soil in addsystems. Information such as the quantity ochmicgmatter fromfaecal
matter from livestock and herbal masses are trenesférom STEP as inputs to GENDEC (Fig. 1).

Soil temperatures are simulated from air tempeeatigcording tdParton (1984). This model requires daily max and min air
temperature, global radiation (provided by forctaga), herbaceous aboveground biomass (providdtebynodel), initial
soil temperature, and soil thermal diffusivity. Biét of equations are given in Delon et al. (2048) appendix A (Tables
A3 and A4).

Soil moistures are calculated following the tippimgcket approach (Manabe 1969): when the field dapés reached, the
excess water in the first layer (0-2 cm) is transfé to the second layer, between 2 and 30 cm. dtiver layers are defined,
between 30-100 cm and 100-300 cm. Equations retatewil moisture calculation are detailed in ApgienA (table A4)
and in Jarlan et al. (2008). This approach, whilia¢y simple in its formulation, is especially udefuregions where detailed
description of the environment is not availableuaknown, and where the natural heterogeneity ofstiieprofile is high
due to the presence of diverse matter fragments asdouried litter, dead roots from herbaceous raasdstrees, stones,
branches, tunnels dug by insects and little mammals

The STEP model is forced daily by rain, global atidin, air temperature, wind speed and relativéamidity at 2m height.
Initial parameters specific to the Dahra site &ted in table A1 and site parameters in table A2pendix A).

2.3.2 Respiration and biogenic NO fluxes

The quantity of carbon in the soil was calculatexhf the total litter input from faecal and herbalgss, where faecal matter
is obtained from the number of livestock heads igpat the site (Diawara 2015, Diawara et al., 20I8e quantity of
carbon is 50 % the buried litter mass. The carbmwh rtrogen exchanges between pools and all equsatice detailed in
Moorhead & Reynolds (1991) and will not be devebbpere. Carbon dynamics depends on soil temperatoilemoisture
and soil nitrogen (linked to microbial dynamicshelconcentration of nitrogen in the soil is derifemin the quantity of
carbon using C/N ratios.

Biogenic NO fluxes were calculated using the codptedel STEP/GENDEC/NOFlux, as detailed in Delomle{(2015).

The NOFlux model uses an Artificial Neural Netwaxkproach to estimate the biogenic NO emission femih to the

6
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atmosphere (Delon et aR007, 2015). The NO flux is calculated from and etafs on parameters such as soil surface

temperature and moisture, soil temperature at 3@epth, sand percentage, N input (here given asreemige of the
ammonium content in the soil), wind speed, soil pHe input of N to the soil from the buried litisrprovided by STEP,
and the calculation of the ammonium content in $b# coming out from this N input is provided by SBEC. The
equations used for NO flux calculation are repoimtefppendix B, taken from Delon et al. (2015).
The main structure of the model is kept identicairathe Delon et al(2015) version, except for N uptake by plants, for
which the present paper proposes a formulatiomilédtin Appendix C. In brief, in the previous viers of the model 2% of
the NH," pool of the soil was used for NO emission calgatatin the current version, the NO emitted to #tmosphere
results from 1% of the NH pool in the soil minus the N absorbed by plantse Percentage of soil NHpool used to
calculate the NO emission has been changed fromn124 based on Potter et al (1996) who proposedgeraetween 0.5
and 2%. In the present study, the 1% value was redapted to fit experimental values.
Soil respiration is the sum of autotrophic (rootyprand heterotrophic respiration. The autotropi@spiration in STEP is
calculated from growth and maintenance respirat@neots and shoots (Mougin et al., 1995), follogviequations reported
in table A4 (Appendix A). Autotrophic respiratiormends on root depth soil moisture and soil tentperg2-30cm) and
root biomass, which dynamics is simulated by STERe heterotrophic respiration is calculated in GEEXDfrom the
growth and death of soil microbes in the soil defieg on the available litter C (given by STEP). kéigial respiratiorp in
gC d'is calculated as in (Eq. 1).

p=(1-¢)Ca 1)
Microbial growth in gC & isy =€ Ca, where: is the assimilation efficiency (unitless) and €adtal C available in gC
i.e., total C losses from four different litter inpulsiried litter, litter from trees, faecal matterdadry roots. Microbial death
is driven by the death of the living microbe maasd the change in water potential during dryingtiwgtcycles (change
between -1.5 and -0.01 MPa in the layer 2-30cmgs€hcalculations are described in Moorhead & Rem(1991) and
Delon et al., (2015) and are not reported in détaihis study. A schematic view of STEP-GENDEC-N®HS presented in

Fig. 1. Simulated variables and corresponding nreasents used for validation are summarized in table

2.4 Modeling NH; fluxes

The net NH flux between the surface and the atmosphere depmmthe concentration differengg — Cyns , Where Gy is
the ambient Nl concentration inug n°, andyg, is the concentration of the canopy compensatidntpo pg m®. The
canopy compensation point concentration is the spineric NH concentration in the canopy for which the fluxesween
the soil, the stomatal cavities and the air insigdecanopy switch from emission to deposition, ioe wersa (Farquhar et al.
1980, Wichink Kruit et al., 2007). The canopy comgetion point concentration takes into accountstioenatal and soil
layers. The soil compensation point concentratigin ppb has been calculated from the emission piatdry (unitless) as a
function of soil surface temperaturgif K according to Wentworth et al., (2014):

Xg = 13587 .y g(03%/TOx 10, 2)
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A largeT’y indicates that the soil has a high propensityniit &Hs;, considering that the potential emission of Ntépends

on the availability of ammonium in the soil and ttve pH.I'y =[NH,")/[H"] concentrations were measured in the field and
available in Delon et al., (2017).

Two different models designed to simulate land csjpinere NH bidirectional exchange are used in this study, and

described below.

2.4.1 Inferential method (Zhang et al., 2010)

An inferential method was used to calculate thelitictional exchange of NHThe overall flux Rys (in pg m? st )is

calculated as:
Fnrz = (lep — Guna)xVd )

with Vd = 1/(R+Ry+R.)

where Vd (m 8) is the deposition velocity, determined by using big-leaf dry deposition model of Zhang et a0Q®). R
(s m") and R (s m") are the aerodynamic and quasi-laminar resistaresgsectively, R(s m?) is the total resistance to
deposition resulting from component terms sucht@siatal, mesophyll, non-stomatal/external/cuticalad soil resistances
(Flechard et al., 2013 and references therein)s Qug m°) is determined at the monthly scale from passammper
measurements. Thg, term (g m?) is calculated following the two-layer Zhang et(@010) model, hereafter referred to as
Zhang2010. This model gives access to an exteiisévature review on compensation point concerdraiand emission
potential values classified for 26 different LanddClasses (LUC). Compensation point concentratiomgalculated in the
model and vary with canopy type, nitrogen contang meteorological conditions. This model was asi&jy Adon et al.
(2013) for the specificity of semi-arid ecosystesnsh as Leaf Area Index (LAI) or type of vegetatiaasuming a ground
emission potential of 400 (unitless), considerea@ ésw~ end value for non fertilized ecosystems &adiog to Massad et al.,
(2010) and based on Delon et al. (2017) experirheesalts, and a stomatal emission potential of (LOGtless) based on
Massad et al. (2010) for grass, and on the studédwoin et al. (2013) for similar ecosystems as the found in Dahra.
Considering the bidirectional nature of NEXchange, emission occurs if the canopy compemsaiint concentration is
superior to the ambient concentration (Nemitz et2001). Emission fluxes are noted as positivetedmlogical forcing
required for the simulation are 3h-averaged windeslp net radiation, pressure, relative humidity,tamperature at 2m
height, surface temperature at 5cm depth, andalhiifthe equations used in this model are extehsidescribed in Zhang
et al. (2003, 2010), and will not be detailed here.

2.4.2 The Surfatm model

The Surface-Atmosphere (Surfatm) model combinesrangy budget model (following Choudhury and Maihte{1988))

and a pollutant exchange model (following Nemitakt (2001)), which allows distinction between 8wl and the plant

8
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exchange processes. As in Zhang2010, the schelpasésl on the traditional resistance analogy desgribe bi-directional
transport of NH governed by a set of resistancesRR R. (Hansen et al., 2017 and references therein)dlrdascribed in
the preceding paragraph. Surfatm includes a diffusesistance term from the topsoil layer to thié surface. Surfatm
represents a comprehensive approach to study aofilexchanges and their link with plant and sailctioning The NH
exchange is directly coupled to the energy budghich determines the leaf and surface temperattimeshumidity of the
canopy, and the resistances in the layers aboveoihand in the soil itself. This model has beemprehensively described
in Personne et al. (2009) and more recently in Ears al (2017).

The model is forced every 3h by net radiation, demptemperature (30 cm), air temperature, redatiumidity, wind speed,
rainfall, atmospheric Nklconcentration with monthly values from passive gi@ns measurements repeated every 3 hours..
Forcing also includes values of Leaf Area Index l(L&easured), canopy height Zh (estimated), roughrength Z0
(0.13zh), displacement height D (0.7Zh), stomatalssion potential (constant), ground emission paederived from
measurements during field campaigns, constantetsteof the time), and measurement height Zref (2u).was measured
according to the methodology developed in Mougialgt(2014). Data from Dahra were measured mordbhng the wet
season and were not published (Mougin, personalmogritation). Linear interpolation was performedviestn these
monthly estimates, and values for the dry seasae feeind in Adon et al. (2013), for an equivalesns arid ecosystem in
Mali, derived from MODIS measuremeniBhe ground emission potential has been set to dfibldss), and the stomatal
emission potential has been set to 100 (unitlessh dhe simulation based on Zhang2010, excephduield campaign
periods, where the ground emission potential has lderived from experimental values (700 in J12 @l and 2000 in
N13). In table 2, constant input parameters atedisSome of them were adapted to semi-arid camditto get the best fit
between measured and simulated fluxes, specifig@lite 2.

The main difference between Surfatm and Zhang21Re presence of a SVAT (Surface Vegetation Atthesp Transfer)
model in Surfatm (Personne et al., 2009), allowiog energy budget consideration and accurate wéstit of surface
temperature and moisture. Simulated variables angsponding measurements used for validationwareregrized in table
1.

2.5 Statistic analysis

The R software (http://www.R-project.org) was usegrovide results of simple and multiple lineagnession analysis. The
cor.test() function was used to test a single tatiom coefficient R, i.e. a test for associati@ivkeen paired samples, using
one of Pearson's product moment correlation caefficThe p-value is used to determine the sigaifae of the correlation.
If p-value is less than 0.05, the correlation isisidered as non significant. The Im() test was usedtepwise multiple
regression analysis. The adjusted R-Squared @renalized multiple R-squared®)R determines how well the model fits to
the data. Again, the p-value is calculated, and thabe less than 0.05 to give confidence in theniB@ance of the

determination coefficient R
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3 Results
3.1 Soil moisture, soil temperature and land atmgehere heat fluxes

Soil moisture simulated by STEP in the surface dajfeg. 2a) is limited at 11% during the wet seas®his value
corresponds to the field capacity calculated by BTEhe soil moisture modelling follows the tippibgcket approach, i.e.
when the field capacity is reached, the excessnistieansferred to the second layer, between 238hdm. Experimental
values measured at 5 and 10 cm are better repegsbytthe model in this second layer (Fig. 2b)ebinregression gives a
R? of 0.74 (resp. 0.81), a slope of 0.98 (resp. 1d¥f) an offset of 0.34 (resp. 0.32) between STd&Rmwisture in the 0-
2cm (resp. 2-30cm) layer and experimental soil medsat 5 cm. Ris 0.77, slope is 0.93 and offset is 0.84 betw@€EP
soil moisture in the 2-30cm layer and experimesddll moisture at 10 cm The temporal dynamics gibeSTEP, the filling
of the surface layer, the maximum and minimum velaee comparable to the data. However, the dryfnthe layers is
sharper in the model than in measurements at tdeoérthe wet season, leading to an underestimaifothe model
compared to measurements until December each year.

As a comparison, linear correlation between STEfesp. STEP LE) and EC H (resp. EC LE) givé®R0.4 (resp. 0.7),for
both years of simulation (Fig. 3a and 3b). The ificgmt correlation between Surfatm and EC lategathfluxes indicates
that the stomatal, aerodynamic and soil resistaacesorrectly characterized in the model, giviogfedence in the further
realistic parameterization of NHluxes, despite missing values in intermediatedb) due to the criteria applied by the
postprocessing (see supplementary material of Bagest al. (2015b)).

Surfatm soil surface temperature is very close &asared soil surface temperature (Fig. 4&0R0, p<0.001 in 2012-
2013). Mean annual values were 35.8°C and 34.28@ertively for surface Surfatm and measured sofhsa temperatures
in 2012, and 32.4°C and 33.8°C in 2013. STEP sarfamperatures (0-2cm layer) presents mean vafuga.@°C in 2012,
and 32.6°C in 2013. Linear regression between STBm layer and measured surface temperatures4Bjgives a Rof
0.7 (p<0.001) for 2012-2013. Slopes and offsetsratieated on the figures.

3.2 Biogenic NO fluxes from soil and ammonium conte

In J12, average NO fluxes are 5.1+2.8 ngRishand 5.7+3.1 ngN ths* for modelled and measured fluxes respectively. In
J13, average NO fluxes are 10.3+3.3 ngR shand 5.1+2.1 ngN fhs™ for modelled and measured fluxes respectively. In
N13, average NO fluxes are 2.2+0.3 ngN 81 and 4.0+2.2 ngN ths* for modelled and measured fluxes respectively.
Emission fluxes are noted as positive.

In Fig. 5, the model represents the daily fluxes2f@12 and 2013 and is compared to measuremergsnddel is comprised
within the standard deviation of the measurementklP and N13 but overestimates fluxes in J13.6-imgports 9 points of
measured ammonium from Delon et al., (2017), shgwim overestimation of released N during the J1t3s&ason, and an

underestimation at the end of the wet season (83.N1
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Modelled dry and wet season NO fluxes are respelgti?.5+2.5 ngN i s* and 6.2+4.1 ngN ths* for both 2012 and
2013, and the simulation gives a mean flux of 3.84&N n? s* for the entire study period. Wet season fluxesesgnt
51% of the annual mean, even though lasting ontg 8 months. Simulated NO fluxes are significarttyrelated with
measured soil moisture at 5 cm depti=R42, p<0.001, slope=0.65, offset=0.69) and 10dapth (R=0.43, p<0.001,
slope=0.72, offset=0.33) for both years, but no¢atly with soil temperature. A multiple linear regsion model involving
soil moisture at 5 cm depth, soil temperature ah& 30 cm depth and wind speed to explain simuldtedluxes leads to a
R? of 0.43 (p<0.001). These parameters have beenrshsvimportant drivers of NO emissions in severabipus studies,
such as Homyak et al. (2016), Medinets et al. (20d5Delon et al. (2007). Indeed, as detailed ppéndix B, NO fluxes in
STEP-GENDEC-NOflux are calculated by an equatiotivéd from an Artificial Neural Network (ANN) algdhm, trained
with data from temperate and tropical ecosysteaksng into account these 4 parameters, togethérsaihd percentage, soil

pH and N input.

3.3 Soil CQ respiration

Soil respiration includes soil heterotrophic reapan, which refers to the decomposition of deatarganic matter (SOM)
by soil microbes, and root respiration, includidigrespiratory processes occurring in the rhizosphXu et al., 2016). The
simulated respiration of aboveground biomass ismadtided as in measured data.

In J13, the average measured flux is 2.6+0.6 ¢f@i and the average modelled flux is 1.9+0.4 g€ al- The correlation
between the two data sets is not significant. Ir8Nthe average measured flux is 0.78+0.11 g&dh and the average
modelled flux is 0.18+0.02 gC md™. The two data sets are not correlated. Novembeed are less important than July
fluxes, as illustrated by both the model and th@sneements (Fig. 7), and as previously shown wdthyecovariance data
(Tagesson et al., 2015a). Simulated respiratiorefitare in the range of measured fluxes in J13ajppear to underestimate
measured fluxes in N13 (Fig. 7). The simulated @mofhic respiration (roots + aboveground biomassjHown, together
with the heterotrophic (microbes) respiration, teeck for a possible role of aboveground biomassamparison with
measurements (Fig. 8). As expected, the heteratraphpiration is higher than the autotrophic restipn before and after
the growth of the vegetation, i.e. at the beginrang end of the wet season in 2012, or during pitation dry spells (e.g.
in J13). At the end of the wet season, the latkped simulated heterotrophic respiration are lthke late rain events
because autotrophic respiration is no more effectihen vegetation is not growing anymore. Adding #utotrophic
respiration to the heterotrophic respiration dosshelp to better fit to measured respiration irBN1

Average dry and wet season simulated soil respiradre respectively 0.3+0.7 gC?na™ and 1.0+0.4 gC thd*, while
annual mean is 0.520.7 gC’n™. This annual mean is below global estimates fasgjand (2.2 gC ™d?) and deserts
partially vegetated (1.0 gC ™md™, Xu et al., 2016). The wet season has the largestribution (57%) on the annual
respiration budget (with wet seasons of 114 and&8/% in 2012 and 2013 respectively).
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Simulated daily respiration from microbes and rdstsignificantly correlated with measured soil staire at 5 cm depth
with R?=0.50, p<0.001, slope=0.17, offset=0.26, and 10demth with B=0.5, p<0.001, slope=0.19, offset=-0.37 for both
years, whereas soil field measured respiration sadawer correlation with surface soil moisturethwiR=0.4, p=0.09,
slope=0.03, offset=-0.07 in J13, antER.3, p=0.1, slope=0.02, offset=-0.02in N13.

3.4 NH; bidirectional exchange

NH; fluxes were simulated by two different models: f&um (Personne et al., 2009), and Zhang2010 (Fith@) same
ambient concentrations deduced from in situ measenés are prescribed in both models. Average flaxesreported in
Tab. 2. In J12, simulated fluxes are not signiftiaorrelated with measured data. In J13, Surfatnd measurements
fluxes are not significantly correlated’#®.2 p=0.2). In N13, Surfatm and measured fluxesrat significantly correlated
(R?=0.2, p=0.2), and Zhang2010 and measured fluxesignéicantly correlated (0.5, p=0.01, slope=1.5, offset=-3.8).
Fig. 9 shows alternative changes between low Bliidission and low deposition. This switch occursrauthe dry seasons
(from mid October to end of June). Indeed, montmgraged compensation point and ambient concesirailues are
quite similar during the dry seasons. Compensaimint concentration averaged during the 2012 ariB20ry seasons is
3.8£1.5ppb, and averaged ambient concentration3®14ppb for the same period. If the 2012 and 2f/3seasons are
considered separately, the values of the meansmdhreasame. Low deposition dominates when air Witgnis sufficiently
high, roughly above 25% (before and after the vestsen), whereas low emission dominates when airndityns low
(<25%).

The net dry and wet season fluxes reported iretdkdre in a similar range as Nftuxes calculated by Adon et al. (2013)
using Zhang2010 at comparable Sahelian sites inawal Niger. NH fluxes ranged between -3.2 and 0.9 ngRishduring
the dry season and between -14.6 and -6.0 ng$’nduring the wet season.

Fig. 10 shows the partition between the differemitdbutions of soil and vegetation to the Nffuxes in Surfatm and
Zhang2010. During the wet season, the contributidnegetation and soil in Surfatm (Zhang2010)-6t8+3.7 ngN rf s*
(-0.8+0.36 ngN i s?) and 2.0+1.9 ngN s (-7.3+3.0 ngN nf s?) respectively for both years. During the dry seaso
vegetation (i.e. stomata + cuticles) and soil dbations are low: -0.9+1.7 and 0.7+0.6 ngN’ st respectively in Surfatm, -
0.4+0.5 and -0.5+2.3 ngN fns* in Zhang2010, as reported in table 4. In N13,hat énd of the wet season, the soil
contribution is 2.9+0.7 ngN s’ in Surfatm, whereas it is -2.620.8 ngh’" in Zhang2010.

In Fig. 10a, the total net flux above the canopginfatm results from an emission flux from the soid a deposition flux
onto the vegetation via stomata and cuticles, éaiheduring the wet season. On the contrary, titaltflux in Zhang2010
in Fig. 10b results from a strong deposition flux the soil and a very low deposition flux onto tregetation. This is
explained by a strong contribution of depositionootticles in Surfatm (Fig. 10c) whereas it is cléseero in Zhang2010
(Fig. 10d). In Surfatm, emission from stomata asours but it is largely offset by the depositiamleaf surfaces which
leads to a deposition flux onto vegetation (Suttbal., 1995). In Surfatm, the deposition on cesak effective until the end

of the wet season, whereas deposition through s$tofaats until the vegetation is completely dre, iapproximately 2
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months after the end of the wet season. On thes lmdsthe different averages for each contributihux fin table 4, we
estimate that the soil is a net source of NH3 dutire wet season, while the vegetation is a nétisisurfatm, and the soil
is a net sink in Zhang2010.

4. Discussion
4.1 NH; exchanges
4.1.1 Relevance of monthly Nklconcentration input vs daily NH; flux outputs

In the two models, 3 used as input data arises from passive samplesureraents, integrated at the monthly scale (see
section 2.2.2). Outputs fluxes are provided at dirBlescale, averaged at the daily scale for th@gae of this study. The
relevance of using monthly NHoncentrations instead of concentrations withrfiresolution in time has been already
approached in the literature. Riddick et al. (202@16) have used ALPHA samplers to measurg bidthcentrations at the
scale of the week and/or the month. They have edtibat time averaged NHuxes from these samplers provided similar
estimated fluxes to those calculated from on liam@ing. In the case of passive sampling conceatraheasurements,
meteorological and area sources of uncertainty stdinbe accounted for in the flux calculation. Rick et al. (2014)
conclude that active and passive sampling stragegjiee similar results, which support the use of twst passive sampling
measurements at remote locations where it is dftgistically hard to deploy expensive active samglimethods for flux
measurements. These statements have been confitrhedbet et al. (2018), and provide a valuablesogato use monthly

concentrations as inputs in the present study.

4.1.2 NH; deposition flux variation

Dahra is a grazed savanna where the main soudelpémission to the atmosphere is the volatilizatiblivestock excreta

(Delon et al., 2012); the excreta quantity and itpi#d at a maximum at the end of the wet seasdierfiaux et al., 1998,
Hiernaux and Turner 2002, Schlecht and Hiernauxdpflecause animals are better fed. In Augustoagtieaching of the

atmosphere occurs which decreases thg &thhospheric concentration (not shown here), coatpér July concentration,
and the deposition flux decreases as well. Indédtle concentration decreases from July to Auguséreas the canopy
compensation point remains stable, the flux witrdase as shown by equation 3.

, August is the month with the maximum ammonium degosition, which leads to a strong leaching efatmosphere, and
explains the decrease of the Nédbncentration (Laouali et al., 2012).
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4.1.3 Role of soil moisture and soil temperature oNH; fluxes:

A significant correlation is found between Zhang@2Gid measured soil moisture at 5 cm dept@, p<0.01, slope=-
1.2, offset=2.1) for 2012-2013. Surfatm fluxes amdasured soil moisture at 5 cm depth are alsofiigntly correlated
with R?=0.3, p<0.01, slope=-0.7, offset=1.7 for 2012-204r8] this correlation is higher if only the dry sea is considered
(0.7 and 0.5 respectively). A weak but significaatrelation is found between Surfatm fluxes and saiface temperature
(R?=0.2, p<0.001, slope=0.14, offset=33.9) for botht weasons, whereas it is not found with Zhang20age$. An
explanation may be that the NEXxchange in Surfatm is directly coupled with thergy balance via the surface temperature
(Personne et al., 2009). A stepwise multiple linegression analysis was performed between Zhafigltdtes and NH
ambient concentrations, air humidity, wind spe@il, surface temperature and moisture, for both yedirsimulation. The
model selection was done by adding each variabfe sy step, i.e. the best combination was chosénthé best associated
significant R (p-value < 0.05). The resulting model gives 2oR0.9 (p<0.001), showing a large interdependesfcthe
above cited parameters on NHuxes whereas the correlation between;Mldxes and each individual parameter is not
significant. While the isolated soil temperaturéeef is not demonstrated, these complex interastlmetween influencing
parameters suggest that the contribution of sailperature to Nklifluxes, together with other environmental paramsete
becomes relevant.

As for Zhang2010 fluxes, a stepwise multiple lineagression analysis is run between Surfatms; Nlbixes and NH
concentrations, air humidity, wind speed, soil acef temperature and latent heat fluxesisf.6 with p<0.001.The nested
influences of environmental parameters in Surfate lghlighted. These interactions become more ¢texnmith the

energy balance effect, but may be more accuraipiresenting the partition between surface and plamtributions.

4.1.4 Contribution of soil and vegetation to the neNH ; flux:

In Surfatm, during the wet season, deposition envidgetation through stomata and cuticles domitatexchange. Indeed,
during rain events, the cuticular resistance besogmall and cuticular deposition dominates despiténcrease of soil
emission. This increase is due to an increaseeofiéposition velocity of NH3, consecutive to theniity response of the
surface, and a decrease of the canopy compengatiot) sensitive to the surface wetness (WichinkiKet al., 2007). In
Zhang2010, despite the difference in magnitudeiculatr deposition increases as well during the weason, but is
dominated by deposition on the sail.

During the dry season, aboveground herbaceousidmass stands for a few months after the end ofvéteseason when
the soil becomes bare, and the vegetation effegligigle in both models. At the end of wet seasdil2 the soil
contribution to the total flux increases signifilgnin Surfatm due to the increase of the groundssion potential

prescribed at 2000 (instead of 400 for the resh@fyear, to be consistent with measurements riotBélon et al., (2017)).”
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4.1.5 Surfatm versus Zhang2010 Nkbidirectional models

The two models are based on the same two layer Inapgeeoach developed in Nemitz et al. (2001). i tivo models, the
ground emission potential and the Nambient concentrations are prescribed. The cosmamf modelled and measured
flux values in Fig. 9 shows differences especifdlyresults predicted by Zhang2010. This is paptgause in Surfatm the
ground emission potential varies with time and wpscifically modified for the field campaign pergdwhereas this
parameter does not vary in Zhang2010. The lackadibility of the ground emission potential in Zig@0610 highlights the
sensitivity of fluxes to this specific parameter id modelling in semi arid soils. The abrupt tiinas between seasons
need a certain flexibility of the ground emissiangntial to represent the changes in flux direction

In Surfatm, the temperatures (above and in the) soé calculated through the sensible heat flug, hlumidity and
evaporation at the soil surface are calculatedutiinche latent heat flux. The resistances needethéocompensation point
concentration and for the flux calculation are dmglifrom the energy budget. This allows taking $iameously into
account the role of temperature and humidity ofgbié In Zhang2010, theRR,, R; resistances are calculated directly from
the meteorological forcing, and the soil resistaisgarescribed. Again, the flexibility of this @aneter is more adapted than
fixed values for 1D modeling, and this may leacctonpletely different repartitions of the fluxes Wween the soil and the
vegetation, as shown in Fig. 10. This differenc@ur repartition highlights the importance of tbkoice in the type of soil
and/or vegetation for the simulations.

However, the close correlation between both mod@&$=0.5, p<0.01, slope=0.6, offset=0.4) indicates milar

representation of the net flux in each model angdhemizes clear changes at the transition betwesoss.

4.2 Effect of soil moisture, soil temperature andail characteristics on exchange processes

For most of the biomes the temperature stronglyegus/soil respiration through metabolism of plaarid microbes (Lloyd
and Taylor, 1994; Reichstein et al., 2005; Tagessuh Lindroth, 2007). However, in our results warfd no significant
correlation between soil surface temperature aadetgas fluxes. This confirms that in the semi-&mighical savannas,
physiological activity is not limited by temperagufArchibald et a] 2009; Hanan et al., 2011; Hanan et al., 1998; 3sme
et al., 2016a; Tagesson et al., 2015a). Insteddnsedsture variability overrides temperature effeas also underlined by Jia
et al (2006). Indeed, for low soil moisture conditiostight changes in soil moisture may have a prin@rdffect, while
temperature effect on microbial activities is nbservable (Liu et al., 2009). This may explain vgojl temperature and
NO, CO, and NH fluxes are not correlated at the annual scale fjated by dry months) as mentioned in the preceding
paragraphs. Due to higher soil moisture in wet @@®g8.1+2.7% vs 3.2+1.5% in dry seasons), soilpenature effect
becomes visible, elevated temperatures may incredasmbial activity, and changes in soil temperatimay have an
influence on N turnover and N exchanges with tineoaphere (Bai et al., 2013).

The over or underestimations of NO emissions inntleglel in Fig. 5 may be explained by the ammoniwmient shown in

Fig. 6. Released N is overestimated during thewd3season, and underestimated at the end of theesson (as N13),
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when the presence of standing straw may lead tonNsgons in addition to soil emissions, not accedrfbr in the model
because litter is not yet buried. The slight unsgiémgation of modelled soil moisture (Fig. 2) at #ed of the wet season
may also explain why modelled fluxes of NO (Fig.aB)d CQ (Fig. 7) are lower than measured fluxes. Furtheemthe
model over-predicts the death rate of microbes suimbequently underestimates the,@€spired, whereas microbes and
residues of roots respiration persist in the figddpite low soil moisture. The large spatial hegeneity in measurements
may be explained by variations in soil pH and textwand by the presence of livestock and the dleom history of the
Dahra site, i.e. how livestock have trampled, gilaaed deposited manure during the different seasodsat different
places. This spatial variation is evidently notressgented in the 1D model, where unique soil pH soititexture are given,

as well as a unique input of organic fertilizatlonlivestock excreta.

During the dry season, substrates become lessablaifor microorganisms, and their diffusion iseated by low soil
moisture conditions (Xu et al., 2016). The micrdtdativity slows down gradually and stays low dgrithe dry season
(Wang et al., 2015, Borken and Matzner, 2009). DarBet al. (1989) have experimentally shown thgird) did not kill
the microbial biomass during alternating wet/drypditions at a Sahelian site. It is therefore likéigt the transition from
activity to dormancy or death at the end of the sesison is too abrupt in the STEP-GENDEC-NOFIux ehddading to
smaller NO and C@fluxes than the still rather large measured fluxagthermore, the two first layers of the soiltie
model dry up more sharply than what measurementiedte, and the lower modelled soil moisture hasetiact on
modelled fluxes.

During the wet season, and just before and after]ibk between soil or leaf wetness related tchaimidity and NH dry
deposition is straightforward, as Nk highly soluble in water. Water droplets, anuh tvater films formed by deliquescent
particles on leaf surfaces increase Ny deposition (Flechard and Fowler, 1998). Thigcpss is easily reproduced by the
two models used in this study, as shown in Figh@ne a net NEldry deposition flux is observed during the wetssea

With wet season NO fluxes being more than twicehbighan dry season fluxes, results emphasizentheence of pulse
emissions in that season This increase at the arisdte wet season over the Sahel, due to theicralsange in soil
moisture, has been previously highlighted by stéeetheasurements of the N@olumn, by Vinken et al. (2014), Hudman et
al. (2012), Jaegle et al. (2004) and Zérner ef24116). After the pulses of NO at the beginninghaf wet season (Fig. 5),
emissions decrease most likely because the avaitadil mineral N is used by plants during the graywphase of roots and
green biomass, especially in 2013, and is lesdadblaifor the production of NO to be released ® dtmosphere (Homyak
et al., 2014, Meixner & Fen2004, Krul et al., 1982). During the wet season, &fiissions to the atmosphere in the model
are reduced by 18% due to plant uptake (compar&Di@missions when plant uptake is not taken iotmant). Indeed, N

uptake by plants is enhanced when transpiratio@ses during the wet season (Appendix C).
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4.3 Coupled processes of NO, Cand NH; emissions

Larger CQ and NO fluxes were seen at the beginning of thessason (Fig. 5 and 7), compared to the core eofatit
season and to the dry season. This can be explaindide rapid response of the soil decomposerkédaricrease in soil
moisture leading to a rapid decomposition of thtediburied during the preceding dry season andpadrincrease in
ammonium as shown in Fig. 6. A pool of enzymes iemin the soil during the dry season and ensueesmposition with
the first rains even when microorganism populat®mot yet fully developed. Austin et al. (2004)vbastated that as
microbial substrates decompose rapidly, microbdkhei sufficiently supplied for growth and respicat, involving CQ
emissions, and the excess N will therefore be ralizd. Indeed, the N dynamics controls nitrification and volatilization
processes (Schlesinger and Peterjohn, 1991; MaoCelieal., 2011). The NH pool may be depleted via nitrification,
involving NO emissions, and in parallel volatilizeidvolving concomitant NK emissions. On the other hand, a major
depletion of NH' pool via nitrification may favour deposition of NHf NH," is no more available in the soil to be
volatilized.

During the dry season, as the microbial activitieduced to its lower limit, the N retention mecisamin microbial biomass
does not work anymore, N retention is linked to ithieeralization of organic C caused by heterotrophicrobial activity
and allows N to be available for plants, and mihdranay accumulate in the soil during this time rfBgi-Ventura et al.,
2010, Austin et al., 2004). Therefore, N loss stioubither occur via NElvolatilization during that period, nor via NO
emission. Furthermore, the very low soil moistured air humidity do not stimulate NHdeposition on bare soil or
vegetation, if present, during the dry season, kngwhat NH is very sensitive to ambient humidity. HNO and CQ
fluxes are affected by the same biotic and abifatitors, including amount of soil organic C, N qgtignand availability,
soil oxygen content, soil texture, soil pH, soiknabial communities, hydro-meteorological condiipamount of above and
below ground biomass, species composition anduaedXu et al., 2016, Pilegaard et al., 2013, Gheal., 2013).

At the end of the wet season, the increase oféhestent aboveground biomass increases the quanilitier which leads
to an input of new organic matter to the soil ameréfore a new pool of mineral N available for gneduction of NO and
NH; to be released to the atmosphere, at a time wWieteceous species no longer would benefit frofhis process has
been highlighted in Delon et al. (2015) in a simday savanna in Mali. Furthermore, NO and J\#inissions are suspected
to come from the litter itself, as shown in temper@rests by Gritsch et al. (2016), where NO digaissions increase with
increasing moisture.

In the STEP-GENDEC-NOFIlux model respiration andl $¢0 fluxes were significantly correlated %0.6, p<0.001,
slope=0.2, offset=-0.2), but not directly in theasarements, due to the spatial variability of tite $he microbial activity
is not efficient enough in the model when the sodisture is low, whereas in measurements, as forflNxes, this
microbial activity seems to remain at a residuakldeading to a release of both NO and,G®the atmospher@elon et
al., 2017). A lagged relationship may somehow Ispldiyed in measurements if measured NO fluxestafeed by 1 day
(i.e. CQ is in advance) in J13, ther’$®.6, p=0.03, slope=62.4, offset=-2.5%R.2 if not shifted), highlighting a lag
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between C@and NO emission processes. If the same lag isegbjsl model predictions, ther’#0.6, p<0.001, slope=3.3,
offset=2.0, showing that soil respiration and fiation processes (causing NO release) are cldsegd by microbial

processes through soil microorganisms that triggérrespiration and decomposition of soil orgamiatter (Xu et al., 2008,
Ford et al., 2007). This one day lag however halset@onsidered as an open question. The exactui@giah should be
studied more thoroughly, but highlights anyway ¢hase relationship between processes of nitrificatind respiration.

5 Conclusions

This study has shown that NHNO and CQ@ exchanges between the soil and the atmospherdrizen by the same
microbial processes in the soil, presupposing thaisture is sufficient to engage them, and takimg iccount the very
specific climatic conditions of the Sahel regiondéed, low soil and air water content are a limgitfactor in semi-arid
regions in N cycling between the surface and theoaphere, whereas processes of N exchanges ratesl@nced when
water content of the exchange zone, where micrghimtesses occur, becomes more important. Theofadeil moisture
involved in N and C cycles is remarkable and obsiouinitiating microbial and physiological processOn the contrary,
the role of soil temperature is not as obvious bseaits amplitude of variation is weak comparedséd moisture.
Temperature effects are strongly alleviated whehmsoisture is low in the dry season, and becom&ragn influencing
parameter in the wet season for N exchange, @6piration fluxes in this study are not influethdey soil temperature
variations, overridden by soil moisture variatidritee seasonal and annual scale ;Widirectional fluxes, simulated by two
different models, have shown a high sensitivitghte ground emission potential. The possibility dfuating this parameter

to field measurements has greatly improved theagpaf the Surfatm model to fit the observatiosutts.

The understanding of underlying mechanisms, cogplbiogeochemical, ecological and physico-chemicebcgess
approaches, are very important for an improved kedge of C and N cycling in semi-arid regions. Téentrasted
ecosystem conditions due to drastic changes innaatdlability have important non linear impactstbe biogeochemical N
cycle and ecosystem respiration. This affects gpimexdc chemistry and climate, indicating a stroolg of coupled surface
processes within the earth system. If changes @tipitation regimes occur due to climate change, riduction of
precipitation regimes may affect regions not comsd as semi arid until now, and drive them to samdi climates
involving exchange processes such as those dedciibéhis study. Additionally, an increase in demagghic pressure
leading to increases in livestock density and ckarig land uses will cause changes in soil physicdlchemical properties,
vegetation type and management, important factéestang N and C exchanges between natural teraéstcosystems and

the atmosphere.

18



10

15

20

25

30

Author contribution: CD, CGL and DS planned and designed the rese&feland BL developed the Surfatm model, EM,
CD and VLD developed the STEP-GENDEC-NOflux modéA provided model results with Zhang2010 model, &fe

TT provided data from the Dahra meteorologicalistatAll authors participated to the writing of th@nuscript.

Data availability: data used in this study are not publicly avadaliihey are available upon request from Claire Delo

(Claire.delon@aero.obs-mip).fior modelling outputs and measurements, and lorbet al., (2017) for measurements. Data

from the meteorological station in Dahar are awddaupon request from Torbern Tagesson (torbemssan@ign.ku.dk)

and Rasmus Fensholt (rf@geo.ku.dk).

Code availability: Surfatm model is available on request from Erwamsonne (erwan.personne@agroparistech.fr). STEP-
GENDEC-NOflux is available on request from Eric My (eric.mougin@ get.omp.eu). Zhang2010 is avielaim request
from Leiming Zhangléiming.zhang@ec.gc.fa

Competing interests: The authors declare that they have no confliéghizfrest.

Acknowledgments: This study was financed by the French CNRS-INS@nt& National de la Recherche Scientifique-
institute National des Sciences de I'Univers), tigio the LEFE -CHAT comity (Les Enveloppes FluideBEnvironnement

— Chimie Atmosphérique). The authors thank the I@stitut de Recherche et de développement) loopbart for
logistical help in Senegal.

19



10

15

20

25

Appendix A: Details on STEP formulations

Variable Symbol Unit Source

Rainfall P mm Dahra meteorological station
Maximum air temperature Tamax Tamin °C Dahra meteorological station
Minimum air temperature

Incident Global Radiation| Rglo MJ m® | Dahra meteorological station
Mean relative air humidity| Hr % Dahra meteorological station
Wind Speed ws m s’ Dahra meteorological station

Table Al: Daily climatic data of the Dahra statissed for the forcing of STEP-GENDEC-NOFIux model.
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Parameter Symbol Unit Value Source

Latitude lat ° 15°24'10"N, GPS measurement
Longitude long ° 15°25'56"W GPS measurement
Soil depth Sd m 3 measurement
Number of soil layers Ni - 4

Thickness of layer i e cm 2/28/70/200

Sand content of layer i Sand % 89/89/91/91 Delon et al. 2017
Clay content of layer i Clay % 79/79/7.4/5;5 Delonetal 2017
pH value of layer i pH - 6.4/6.4/6.4/6.4| Delonetal 2017
Initial water content of layer i Shuym mm 0.4/8/10/38 Field measurement
Initial soil temperature of layeri Ts °C 23.5/23.9/ 28/ 3pField measurement
Run-off(on) coefficient C_Ruiss - 0 Endorehic site

Soil albedo s - 0.45 Station scale, satellite
Initial dry mass BMsO g i 10 Delon et al., 2015
Initial litter mass BMIO g it 30 Delon et al., 2015
C3/C4 herb proportion C3C4 % 43/67 Field measurgme
Dicotyledon. contribution Dicot % 43 Field measusmh
Root mass proportion of layer Root % 75/1201/5 Mougin et al. (1995)
(layers 2 to 4)

Initial soil Carbon content Cs gCm |50 Unpublished data
Initial soil N content Ns gNfh |3 Unpublished data

Table A2: site parameters necessary for initialimadf STEP-GENDEC-NOFlux model.
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Parameter Symbol Unit Value [range] Source

Vegetation albedo Wy - 0.2 Station measurement,
satellite

Canopy Extinction coefficient fark, - 0.475 Mougin et al., 2014

green vegetation

PAR extinction coefficient Kpar - 0.581 Mougin et al., 2014

Maximum conversion efficiency| €,,.« gDM MJ' [4[4-8] Scaling parameter

Initial aboveground green mass  BMgO gm 0.8]0.1, 3] Scaling parameter

Specific Plant Area at emergenc8LAg0 nf gt 0.018 [0.01 — 0.03] Scaling parameter

Slope of the relation SLA(t) Ka - 0.028 Unpublished data
(Mougin)

Specific Plant Area for dry mass SLAd gt 0.0144 Unpublished data
(Mougin)

Shoot maintenance respiration | mcg O] 0.015 Breman & de Ridder,

cost 1991

Root maintenance respiration | mg ) 0.01 Breman & de Ridder,

cost 1991

Shoot growth conversion Yo O] 0.75 McCree, 1970

efficiency

Root growth conversion Yar O] 0.8 Bachelet et al., 1989

efficiency

Green mass senescence rate S T d 0.00191 Mougin et al., 1995

Live root senescence rate ;'S dl 0.00072 Nouvellon, 2000

Optimal temperature for Tmax °C 38 Penning de Vries &

photosynthesis Djiteye, 1982

Leaf water potential for 50% | ), MPa 0.6 Rambal & Cornet,

stomatal closure 1982

Shape parameter n ) 5 Rambal & Cornet,

1982
Minimum stomatal resistance | sufn dm?* 100 Korner et al, 1979
Parameters of the canopy height a, b, c ) -M0R8, Mougin et al., 1995
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curve 0.0055, 0.047
Infiltration time constant K cmd! 1200/ 120/ 120/ 80 | Casenave & Valenti

1989
Parameters of the soil water | &, b O] 4140, 805 Camillo& Gurney,
resistance equation 1986
Parameters of the soil 3 ) 3.95/5.42/6.97/9.80| Modified from Cornet,
characteristic retention curve | b, 2.93/2.71/2.59/2.43| 1981
Field capacity FC m m?> 0.093/0.093/0.086/ | Prescribed

0.081

Psychrometric constant Y Bar C* 0.00066 Monteith, 1995
Allocation factor a_factor O] 0.5[0,1] Mougin &t, 1995

Table A3: model parameters used to run STEP-GENDBEEux model.
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Equations Parameters, Variables, constants Unit Source
Soil Temperature
TSrax = Tamax + (Er + 0.35Ta,) XEb TSmaxminy=Mmax(min) soil temperature °C Parton et al., 1984
TSmin = Tamin + 0.008BMg -1.82 Tamaxmin=max(min) air temperature °C
Er = 24.07(1-exp(-0.00008%)l0) Rglo=global radiation kJ mi?
Eb = exp(-0.0048Mg) - 0.13 BMg=Above ground green mass gDM m?
Carbon budget
Vcft = 1 — exp(-k LAI) Vcft=Total vegetation cover fraction m’ m”* Mougin et al., 2014
LAI=Leaf Area Index m? m*?
k.= Canopy Extinction coefficient for )
green vegetation (Tab. A3)
Vcfg=Vcft(LAIg/LAI) Vcfg=green vegetation cover fraction |m’m? Mougin et al., 2014
Vefd=Vcft(LAId/LAI) Vcfd=dry vegetation cover fraction m? m’?
LAlg = SLAg*BMg LAlg=green LAl m? m’? Mougin et al., 1995
LAId = SLAd*BMd LAld=dry LAl m? m*?
LAl = LAlg +LAId LAl=total LAI m? m*?
BMd=above ground dry mass m? m*?
SLAgQ=SLAQO exp(-kat) S _Ag=specific green leaf area m-kg™ Mougin et al., 1995
SLAd=specific plant area for dry mass’kg™
(TabA3)
ks a=Constant slope (Tab A3) O]
SLAgO=scaling parameter (TabA3) m? kg™
t=time S
Water budget
if P<51=P; P=Precipitation mm d* Hiernaux, 1984
if P>5 | =P + C_Ruiss(P-10) I=Infiltration mm d*
C_Ruiss=runoff coefficient -
dWwy/dt =1 —E; — D, 1=first soil layer, i=2 to 4 mm d?* Manabe, 1969
W=Water content in layer i mm d*
dWi/dt =D;q —E —=Tr; - D; E;=Evaporation in layer i mm d*
D;=Drainage in layer i mm d*
Tri=Transpiration in layer i mm d*
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if W>FC D, = (Di—l - FC)/Ak,

FC=Field capacity in layer i (Tab. 3)

mm d*

Ak;=time constant d!
with Ak; = e / K; e=layer depth (Tab. A3) cm
K;=Infiltration time constant (Tab. A3) |cm d*
.= a w™ ?,i=Soil water potential in layer i MPa
W.=Water content in layer i
a=retention curve parameter
bi=retention curve parameter
W, = 0.332- 7.251x10(Sang)+ W, =Soil water content at saturation in | m> m-> Saxton et al., 1986
0.1276log(Clay) layer i
Sang=Sand content of layer i (Tab. A2)| %
Clay=Clay content of layer i (Tab. A2) | %
E=evaporation mm d’ Monteith, 1965
E=Vcfd(sA+pCpD/r oo)/A(sty(1+r /T as) Tr=Transpiration mm d*
Tr=Vcfg(sA+pCpD/r)/(Msty(1+s/ra)) | D=water vapor deficit, deduced from e | Bar
$=4098¢/(237+Ta)? es=vapor pressure at saturation Bar
rs= a(Wsa—Wi) — by s= saturating vapor slope Bar K*
Wsat=0.332-7.251x1{Band+ A= Available energy (Rn — G) MJ d*
0.1276log(Clay) Cp=specific heat air capacity (Tab. A3)| MJ kg* C*
r.<=soil aerodynamic resistance dm*
r«= Soil surface resistance d m?
rac=aerodynamic resistance dm* Camillo and Gurney
A=vaporization latent heat MJ m? 1986
y=psychrometric constant (Tab. A3) bar C*
p=volumic air mass kg m*
a—=parameter (Tab. A3) )
b=parameter (Tab. A3) )
Wg,=soil water content at saturation mm d*
W;=soil water content of layer 1 mm d*
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I'=Ts mil 1+ (/W1s)") r<= canopy stomatal resistance dmit Rambal and Cornet, 198
rs mr=Mminimum stomatal resistance d m!
W= Leaf water potential for 50% MPa
stomatal closure
w=leaf water potential MPa
n=shape factor (Tab. 3) )
h. = aBMg® + bBMg + ¢ h=Canopy height m Mougin et al, 1995
a,b,c=parameters (Tab. A3)
Growth model (shoots and roots)
dBMg/dt=a,a_factorPSN+a,BMg a_factor=allocation factor O] Mougin et al. (1995)
dBMr/dt=a3(1-a_factor)PSN+o,BMr BMr=root mass gDM m?
21=0.75(1-€%/ag, a,=€%, PSN\= photosynthesis gDM m?
05=0.8(1-6"%Y/ad, a,= ™ ema=Maximun  conversion efficienggDM MJ*
ag=0.01125x10-2 (Tab. A3)
ad=0.0008x8"s10-2 Tmax=optimal temperature for °C
PSN=0.466Rgloxg;xf(¥)xf(T)emax photosynthesis (Tab. A3)
BMr/BMg=1.2/(2+0.0BMg) Ta=air temperature °C
f(T) = 1-0.0389(Tmaxra) Tq=soil temperature layer 1 °C
f(#) = Fsmin/ T
£=0.187l0g(1+9.80BAIg)
Respiration (shoots and roots)
Rm=m, YG BMg Rm=shoot respiration g DM m? | Mc Cree (1970)
M= Mg (2.0**(TJ10 - 2)) me=shoot maintenance -
m.e= Shoot maintenance respiration cost (-)
(Tab. A3)
YG= Shoot growth conversion efficiency (-)
(Tab. A3)
Ts=soil surface temperature °C
Rg= (1-YG)PN Rg=shoot growth gDM M |Thornley & Cannel
(2000)
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Rmr = m YGr BMr
m, = m, (2.0**(T910 - 2))

Ror = (1-YGr)[(1-aPSN
Senescence
BMd = sBMg
BMrd=sBMr

Rmr=root respiration

YGr= Root growth conversion efficiency
(Tab. A3)

m=root maintenance

m.= Root maintenance respiration cost
(Tab. A3)

Rgr=root growth

s= Green mass senescence rate (Tab.

s=dry mass senescence rate (Tab. A3)

g DM m?
¢)

BMrd=dry root mass

10

15

20

Table A4: Equations, variables, parameters andtaats used in STEP. Variables are in italics. DM~Matter.

27




Appendix B — Equations used in NOflux for NO flux @lculation from ANN parameterization.

NOFIlux = G5 + ¢g X NOfluxnorm in kgN ha d*
NOfluxnorm = wy + Wostanh(S1) + wtanh(S2) + wtanh(S3)
where NOfluxnorm is the normalized NO flux

j,norm

7
SL=w, + > WX,
i=1

15
S2=w, + > WX,
i=9

j,norm

23
S3 =Wy +zWiX‘

j,norm
i=17

where jis 1 to 7, and; Xormt0O X7 normCOrrespond to the seven normalized inputs, agvisi

i = 1% nom= G + G % (surface soil temperature),

= 2%, nom= G + ¢ x (surface WFPS),

j = 3: %, nom= G * G x (deep soil temperature),

J =4 %, nom= G * Gg % (fertilization rate),

J = 5: %, nom= G * Cip X (Sand percentage),

j = 61 %, norm= €11+ C12 % pH,

1= 7%, nom= Ci3 + G4 X (Wind speed).

Soil surface temperature is in °C, surface WFPSbjrdeep soil temperature in °C, fertilization ratekgN ha® d*, sand
percentage in %, pH unitless and wind speed iffm s

Weights w and normalization coefficients ¢ are giue Table B1.

wO 0.561 wl4d 1.611 Ci1 -2.454
wl -0.439 w15 0.134 Cc2 0.143
w2 -0.435 wl6 -0.213 C3 -4.609
w3 0.501 wl7 0.901 C4 0.116
w4 -0.785 wl8 -5.188 C5 -2.717
w5 -0.283 wl9 1.231 C6 0.163
w6 0.132 w20 -2.624 C7 -0.364
w7 -0.008 w21l -0.278 Cc8 5.577
w8 -1.621 w22 0.413 C9 -1.535
w9 0.638 w23 -0.560 C10 0.055
w10 3.885 w24 0.599 c11 -25.55
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wll -0.943 w25 -1.239 Ci12 3.158

wl2 -0.862 w26 -1.413 C13 -1.183

wl3 -2.680 w27 -1.206 Ci4 0.614
C15 3.403
Ci6 9.205

Table B1: weights and coefficients for ANN calcigatof NO flux.

Appendix C

In STEP the seasonal dynamics of the herbaceoas &y major component of the Sahelian vegeta#iod,is represented
through the simulation of the following processeater fluxes in the soil, evaporation from bard,doanspiration of the
vegetation, photosynthesis, respiration, senescditigz production, and litter decomposition ae thoil surface. Faecal
matter deposition and decomposition is also inaudem the livestock total load given as input paeter.

The N uptake by plants (absorption of mineral Npkgnt roots) is calculated by the product of thié water absorption by
roots, with the mineral N concentration in the sedter. In the STEP model, daily root absorptioredgial to the daily
transpiration which depends on climatic conditiqigbobal radiation, air temperature, wind velocitpdaair relative
humidity), soil water potential (water content ioildayers) and hydric potential of the plant whicbntrols its stomatal
aperture (and then the transpiration). Transpinatiocalculated with the Penman-Monteith equatidiorteith, 1965), in
which the stomatal resistance depends on the pigatic potential, itself depending on the soil nie and climatic
conditions. For equivalent climatic conditions, ry doil involves a high potential, a closure ofrstdas and a reduction of
the transpiration. On the contrary, a humid soibimes a low potential, open stomatas and a la@aygspiration. The plant
hydric potential is calculated daily with transpioa equivalent to root absorption, which itselfdalculated from the
difference between soil and plant potentid®ggin et al., 1995).
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Tables

Model (resolution) Simulated and measured varmblelethods used for measured variables (resolution
(units) and reference)

Surfatm (3h) NH bidirectional fluxes Closed dynamic chamber (15 — 20 fluxes a day,
(ngN m?s?) Delon et al., 2017)
Soil surface temperature (°C) Campbell 107 proiémin, Tagesson et al,

2015a)

Sensible and latent heat fluxes (VEddy Covariance (15min, Tagesson et al., 2015a)
m’?)

Zhang2010 (3h) NEibidirectional fluxes Closed dynamic chamber (15 — 20 fluxes a day,
(ngN mi?s?) Delon et al., 2017)

STEP (day) NO biogenic fluxes Closed dynamic chamber (15 — 20 fluxes a day,
(ngN m? s* Delon et al., 2017)
CQ, respiration fluxes Closed dynamic chamber (15 — 20 fluxes a day,
(ngN m?s?) Delon et al., 2017)
Ammonium content (%) Laboratory analysis (6 sarsfgi@mpaign, Delon et

al., 2017)

Soil temperature at two depths: 0€ampbell 107 probe at 2 depths: 5 and 10 |cm
2cm and 2-30cm (°C) (15min, Tagesson et al., 2015a)
Soil moisture at two depths: 0-2cifHH2 Delta probe at 2 depths: 5 and 10 cm (15min,
and 2-30cm (%) Tagesson et al., 2015a)

5 Table 1: Summary of different models used in thelgt with the variables simulated and comparedéasurements. All
simulated and measured variables were daily avdrigehe purpose of the study.
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Description of parameters in Surfatm

Value in 8tigdy (range)

Sources

Time step

3h

Characteristic length of leaves

0.03 m (0.03-0.5)

iniMum value

Total soil depth

0.92m

Soil density 1500 kg.n?

Radiation attenuation coefficient in the canopy 7 @.5-0.8) Estimated
Wind attenuation coefficient in the canopy 2.3 {8)5 Estimated
Initial soil moisture 0.09 kg(KD)/kg(soil) Measured
Dry soil moisture 0.02 kg(3D)/kg(soil) Measured
Field capacity 0.14 kg(@#®)/kg(soil) Measured
Wilting point 0.02 kg(HO)/kg(soil) Measured
Thermal conductivity of wet soil layers 2.5 WK™ (1.6-2.2) Estimated
Thermal conductivity of dry soil layers 1.5 WK (0.2-0.3) Estimated
Depth of temperature measurements 0.3m Measured

Soil porosity

0.45 (0.25-0.4)

Estimated specifigafor

semi arid ecosystems

Soil tortuosity

2.5 (2-4)

Estimated specificallyr f

O

semi arid ecosystems

Table 2: Input parameters for the Surfatm modehdea refer to Hansen et al., 2017. All measuredmaeaters refer to

Delon et al., 2017.
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Period / NH fluxes | Measurements (ngN'ns®) | Surfatm (ngN i s%) Zhang2010 (ngN fhs?)

J12 1.3+1.1 2.61£2.6 -9.0+0.9

J13 -0.1+1.1 -1.7+2.4 -7.8+2.2

N13 0.7£0.5 -0.2+1.1 -2.8+0.9

2012 -0.9+3.3 (-0.3+1.0 kgN hhyr?) | -3.5+4.6 (-0.3+1.0 kgN hKayr™)
2013 -2.0+3.7 (-0.6+0.3 kgN hayr™) | -2.7+3.8 (-0.8+1.2 kgN hayr™)
Dry season -0.2£1.6 -0.9+2.3

Wet season -4.3+4.8 -8.1+£3.2

Table 3: Averaged Nifluxes for measurements, Surfatm and Zhang201QGheahlring specific periods. Measurements are

available during the 3 field campaigns and nohatannual or seasonal scale.

Average flux| Ftotal (net flux) | Fsoil Fvegetation Fstom Fcut

and  standard (ngN.mZ2s% (ngN.mZ2.s™) (=Fstom + Fcut)| (ngN.mZs") (ngN.mZ2.s™)
deviation (ngN.mZ2.s™)

Dry seasons -0.2+1.6 0.7+0.6 -0.9+1.7 -0.4+0.8 -0.5+£1.2
Surfatm

Wet seasons -4.3+4.8 2.0+£1.9 -6.3+£3.7 -1.5+£2.2 -4.8+2.7
Surfatm

2012-2013 -1.4+3.5 1.1+1.3 -2.5£3.5 -0.7£1.5 -1.8+2.7
Surfatm

Dry seasons -0.9+2.3 -0.5£2.3 -0.4+£0.5 -0.02+0.01 -0.4+£0.5
Zhang

Wet seasons -8.1+3.2 -7.3£3.0 -0.8+0.3 -0.03+0.01 -0.7+0.3
Zhang

2012-2013 -3.1+4.2 -2.6x4.0 -0.5£0.4 -0.02+0.01 -0.5£0.4
Zhang

Table 4: Contributions of vegetation and soil te thtal NH; flux in SurfAtm and Zhang2010, wet season meay sdason
mean and annual mean, for both years of simulation.
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Figures
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Figure 1: Schematic representation of NO and Cflux modeling in STEP-GENDEC-NOFIlux (adapted fromDelon

10 etal., 2015).
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Figure 7: Daily roots and microbes respiration in ngC m-2 d-1 simulated by STEP-GENDEC (black line), and aly averaged soil
respiration measurements (red squares) during 2 fld campaigns. Error bars in red give the standard deiation at the daily scale.
10 Upper panels give a focus of J13 and N13 field camajgns.
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Figure 8: Daily autotrophic (roots + green vegetatin, black line) and daily heterotrophic (microbesgrey dashed line)
respiration in mgC m? d* and rain (blue line) in mm. Averaged daily measurments of soil respiration in red
5 squares, with standard deviation.
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Figure 9: Daily NH3 flux (in ngN m-2 s-1) simulatedby SurfAtm (black line) and Zhang2010 (grey dasheéine) and daily averaged
NH3 flux measurements during 3 field campaigns (redriangles). Error bars in red stand for standard deviation at the daily scale.
Air humidity in % (blue line). DS = Dry Season; WS= West Season.
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Figure 10: Figure 10: Daily NH; flux (in ngN m s?) partitioned between soil and vegetation. Black ie is for total net flux (Ftot),
grey dashed line is for soil flux (Fsol) and blueite is for vegetation flux (Fveg) for Surfatm in (3, and for Zhang2010 in (b). Red
10 line is for stomatal flux (Fstom) and green line idor cuticular flux (Fcut) for Surfatm in (c) and f or Zhang2010 in (d).
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