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Abstract. Three different models (STEP-GENDEC-NOflux, Zha®$? and Surfatm) are used to simulate NO,,Gd
NH; fluxes at the daily scale during two years (20023 in a semi-arid grazed ecosystem at Dahra @BH02N,
15°25'66"W, Senegal, Sahel). Model results are umtall against experimental results acquired duthmge field
campaigns. At the end of the dry season, when itse riins rewet the dry soils, the model STEP-GEIBNOflux
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%, filiides are simulated by two models:
Surfatm and Zhang2010. During the wet season,uamidiity and soil moisture increase, leading toamsition between low
soil NH; emissions (which dominate during the dry montless)arge NH deposition on vegetation during wet months,
Results show a great impact of the soil emissioeng@l and a close agreement between the two modéke order of
magnitude of NO, Nkland CQ fluxes are correctly represented by the modelsyels as the sharp transitions between
seasons, specific to the Sahel region. The rolsodfmoisture on flux magnitude is highlighted, s the role of soil
temperature is less obvious. The simultaneous aseref NO and CQOemissions and Niteposition at the beginning of the
wet season is attributed to the availability of emad nitrogen in the soil and also to microbialgasses which distribute the
roles between respiration (GOemissions), nitrification (NO emissions), voladtion and deposition (NH
emission/deposition). This objective of this stuslfo understand the origin of carbon and nitrogempounds exchanges
between the soil and the atmosphere, and to gyaheke exchanges on a longer time scale whenfemymeasurements

have been performed.

1 Introduction

The Sahel is one of the largest semi-arid regionthé world and it is a transition zone between $hdara desert in the
north and the more humid Sudanese savanna in tite.do semi-arid zones, the exchanges of tracesgase strongly
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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 watesikability strongly affects microbial and biogeoahieal processes in
all ecosystem compartments (Wang et al., 2015)¢chvi turn determines the exchange fluxes of C ldn@ustin et al.,
2004, Tagesson et al., 2015a, Shen et al., 20%&. &long dry period (8 to 10 months in the Sphék first rainfall events
of the wet season cause strong pulse of, gD, NO and NH to the atmosphere (Jaeglé et al., 2004; Mc C&lSparks,
2008; Delon et al., 2015; Shen et al., 2016, Tagess al., 2016b). Anthropogenic activities hav&rang impact on N and
C cycling, and in large parts of the world, depgositof N compounds have several damaging impact®asystem
functions, such as changes in species biodive(Bitpbink et al., 2010). The Sahel is still a pré¢ecregion from this N
pollution (Bobbink et al., 2010), but climate changould create an imbalance in biogeochemical syolenutrients
(Delgado-Baquerizo et al., 2013).

The emission of NO from soils leads to the fornratid NO, and Q in the troposphere. Soil NO biogenic emissionsnfro
the African continent expressed in TgNtyare considered as the largest in the world (Foeteal., 2015) because of
extended natural areas. The pulses of NO from HieelSregion at the beginning of the wet season heen shown to
strongly influence the overlying NQropospheric column (Jaegle et al., 2004, Hudntaal.e2012, Zorner et al., 2016),
indicating the urgent need of improved understagdifthe dynamics of NO pulses from this region.;Mirhissions lead to
the formation of particles in the atmosphere, saclammonium-nitrates (NNO3), which vapour phase dissociation further
produces NH and HNQ (Fowler et al., 2015). The land-atmosphere exchamgammonia varies in time and space
depending on environmental factors such as climati@bles, soil energy balance, soil charactegstind plant phenology
(Flechard et al., 2013). Emissions of these comg@stinvolve changes in atmospheric composition (ezand aerosol
production) and effects on climate (through greeisieogas impacts).

The N exchange fluxes are also influenced by tlileNsoontent, and the main inputs of N compounds ihe soil in semi-
arid uncultivated regions are biological nitrogéxafion (BNF), decomposition of organic matter (QMnd atmospheric
wet and dry deposition (Perroni-Ventura et al.,05oil N losses to the atmosphere invol®NNH; and NO gaseous
emissions, whereas within the soil, N can be listevosion, leaching and denitrification. NO emassi to the atmosphere
are mainly the result of nitrification processesich is the oxidation of N to nitrates (N@) via nitrites NQ through
microbial processes (Pilegaard et al., 2013; Cqni®96). In remote areas, where anthropogenic @nsgsuch as
industrial or traffic pollution) do not happen, NHidirectional exchanges are regulated throughrdév@rocesses: NHs
emitted by livestock excreta, by soil and littexgulated by the availability of Nffand NH; in the aqueous phase (NHXx), by
the rate of mineralization of N and by the availability of water which allows NHx be dissolved, to be taken up by
organisms and to be released through decompogBidmiesinger et al., 1991, Sutton et al., 2013di#ahally NH; can be
dry and wet deposited on soil and litter (Laoualile 2012; Vet et al., 2014), on leaf cuticlesl atomata, and regulated by
chemical interactions within the canopy air spdaeubet et al., 2012). The N cycle is closely linkedhe C cycle, and it
has been suggested that C-N interactions may reghlaavailability in the soil (Perroni-Ventura dt,&010). The link
between N and C cycles in the soil, and their ¢ff@cOM decomposition, affect the emissions of @ Bincompounds to the
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atmosphere. These cycles are interlinked by resmirand decomposition processes in the soil, hadbalance between C
and N is controlled by biological activity, maintlyiven by water availability in drylands (Delgadadierizo et al., 2013).
Indeed, the decomposition of soil OM (and its éfficy) 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@wsterbach-
Bahl et al., 2001, Butterbach-Bahl et al., 2009ere the spatial and temporal resolution of dataal characterized.
Global approaches have also been developed, withlified description of processes and with coansatial resolution
(Yienger & Levy, 1995; Potter et al., 1996; Yanadt, 2005; Hudman et al., 2012). Considering thekvamount of
experimental data in semi-arid regions about tgeeexchanges and their driving parameters, onerdiional modelling is
a complementary, essential and alternative waytudying the annual cycle dynamics and the undeglynocesses of
emission and deposition. The specificity of the iserd climate needs to be precisely addressetiénntodels used to be
able to correctly represent the pulses of emissamksthe strong changes in C and N dynamics atrémsition between
seasons. Improving the description of processesOnmodels 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 N @ncycles in the soil
and consecutive daily exchanges of NO, ;Ndhd CQ between the soil and the atmosphere, at the arsuz¢ and
specifically at the transition between seasonscdparing 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 uis the study. As a study site, representativih@fsemi-arid region of
the Western Sahel, we selected the Dahra fieddiaitated in the Ferlo region of Senegal (Tagessah, 2015b). The one
dimensional models were applied for the years 28422013 to simulate the land-atmosphere exchdugesfof CQ, NO
and NH. Model results were compared to flux measuremesitected during three field campaigns in Dahraduty 2012
(7 days), July 2013 (8 days) and November 20131é3), and presented in Delon et al. (2017).

2 Materials and Methods
2.1 Field site

Measurements were performed at the Dahra fieldostdpart of the Centre de recherché ZootechnigiiRZ), in the
Sahelian region of Ferlo, Senegal (15°24'10"N, 5%&'W). The Dahra field site is located within Bentre de Recherche
Zootechnique (CRZ) managed by the Institut Sénégala Recherche Agronomique (ISRA). This site iseai-arid
savanna used as a grazed rangeland. The Saheleésthe influence of the West African Monsoon (caet southwesterly
wind) and the Harmattan (hot dry northeasterly Wwiddpending on the season. Rainfall is concentriatele core of the
monsoon season which extends from mid-July to ndtbfer. At Dahra, the annual rainfall was 515mn2@i2 with an
average of 356mm in 2013 and 416mm for the petffil-2013. The annual mean air temperature at 2ghtheas 28.4°C
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in 2012 and 28.7°C in 2013, with an average of 2®tGhe period 1951-2003. The most abundant tpeeiss ard®alanites
aegyptiaca and Acacia tortilis, and the herbaceous vegetation is dominated byahr®4 grasses (e.dactyloctenium
aegyptium, Aristida adscensionis, Cenchrus biflorus and Eragrostis tremula) (Tagesson et al., 2015a). Livestock is
dominated by cows, sheep, and goats, and grazig®permanently all year-round (Assouma et all,720This site was

previously described in Tagesson et al., (2015d)2elon 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 mezdy a meteorological station at the Dahra fild (Tagesson et al.,
2015b). The hydro-meteorological variables usetthis study were rainfall (mm), air temperature (°@)ative air humidity
(%), wind speed (M3, air pressure (hPa) at 2m height, soil tempeeatE), soil moisture (%) at 0.05 m, 0.10 m and0.3
m depth, and net radiation (W3n Data were sampled every 30 s and stored as fhi5awerages (sum for rainfall). Data
have then been 3h and daily averaged for the parpbthis study.

Land-atmosphere exchange of sensible and latehtwera measured for the years 2012 and 2013 witkday covariance
system consisting of an open-path infrared gasyaeal(LI-7500, LI-COR Inc., Lincoln, USA) and a #®-axis sonic
anemometer (Gill instruments, Hampshire, UK) (Tageset al., 2015a). The sensors were mounted 9owveahe ground
and data were collected at a 20 Hz rate. The postepsing was done with the EddyPro 4.2.1 softwaiteCOR
Biosciences, 2012) and statistics were calculate®® minute periods. For a thorough descriptiothefpost processing of
sensible and latent heat fluxes, see supplementatgrial of Tagesson et al. (2015b).

2.2.2 Atmospheric NH concentrations using passive samplers

Atmospheric concentrations of NHand other compounds such as NBNO;, O; and SQ) were measured using passive
samplers on a monthly basis, in accordance withrtethodology used within the INDAAF (Internatioéétwork to study
Deposition and Atmospheric chemistry in AFrica)gnam (https://indaaf.obs-mip.fr) driven by the Leddoire d'Aerologie
(LA) in Toulouse. While not being actually parttoE INDAAF network, the Dahra site was equippechuiite same passive
sampler devices and analysis of these samplerspeefermed following the INDAAF protocol at LA.

Passive samplers were mounted under a stainlesshsteler to avoid direct impact from wind trangpand splashing from
precipitation. The holder was attached at a hedjtgbout 1.5m above ground. All the samplers wemgosed in pairs in
order to ensure the reproducibility of results. Haenplers were prepared at LA in Toulouse, indadled collected after
one month exposure by a local investigator, and Isack to the LA. Samplers before and after exposilvere stored in a
fridge (4-C) to minimize possible bacterial decompositiorotirer chemical reactions. Samplers were then aedligg lon
Chromatography (IC) to determine ammonium and teitc@ncentrations. Validation and quality contrbpassive samplers

according to international standards (World Metémizal Organization report), as well as the sanwplprocedure and
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chemical analysis of samples, have been widelyilddtan Adon et al. (2010). Monthly mean Nldoncentrations in ppbv
are calculated for the period 2012 and 2013. Thasmement accuracy of NHpassive samplers, evaluated through
covariance with duplicates and the detection lievialuated 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

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 M8 respectively. The samples were taken at tHiéerent locations
along a 500m transect following a weak dune slapp, (middle and bottom) with one location per dasich location was
then sampled every 3 days, approximately from 8 M7 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 chemnb
Pumpanen et al. 2004) with dimensions of 200 mnthwd400 mm length x 200 mm height. During the daghpaign, the
chamber was connected to a Thermoscientific 17G/a@a whereas in J13 and N13, it was connectedTthermoscientific
171 analyzer (ThermoFischer Scientific, MA, USAhd calculation of fluxes is based on an equatidailéel in Delon et al.
(2017), adapted from Davidson et al. (1991). Thadase rate of NO and NHnixing ratios used in the flux calculation
equation was estimated by a linear regressiordfitbtedata measured during 180 to 300s for NO (¥@08IH;) following

the installation of the chamber on the soil, asitkd in Delon et al. (2017). Close to the Teflon chamber, soil LO
respiration was measured with a manual closed dgnahmmber (SRC-1 from PP-systems, 150 mm heigh@& mm
diameter) coupled to a non-dispersive infrared,/8@ analyzer EGM-4 (PP-Systems, Hitchin, HertfordshloK). Soil
CO, respiration was measured within 30 cm to the locatdf the NO and NEfluxes. Measurements were performed on
bare soil to ensure only roots and microbe respimaResults of NO, Nkland CQ fluxes are presented as daily means with
daily standard deviations. All the methods, caltaies and results from the field campaigns arey/fdétailed inDelon et al.
(2017).

2.3 Modeling biogenic NO fluxes and CQrespiration in STEP-GENDEC-NOFlux
2.3.1 The STEP-GENDEC model

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 aimseresenting the interactions between litter, de@s@pmicroorganisms,
microbial dynamics, and C and N pools (Moorhead Begnolds 1991). It simulates the decomposition of the oigan
matter and microbial processes in the soil in aidsystems. Information such as the quantity ofmigymatter (faecal
matter from livestock and herbal masses) are tearest from STEP as inputs to GENDEC (Fig. 1).
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Soil temperatures are simulated from air tempeeatgcording td?arton (1984). This model requires daily max and min air
temperature, global radiation (provided by forcttafa), herbaceous aboveground biomass (providetebynodel), initial
soil temperature, and soil thermal diffusivity. Biét of equations are given iDelon et al. (2015) and appendix A
(Parameters in table A3, variables in table A4 atigus in table A5).

Soil moistures are calculated following the tippimecket approach (Manabe 1969): when the field dapé& reached, the
excess water in the first layer (0-2 cm) is trarsfeé to the second layer, between 2 and 30 cm. dther layers are defined,
between 30-100 cm and 100-300 cm. Equations retatestil moisture calculation are detailed in ApgignA (table A5)
and inJarlan et al. (2008). This approach, while being simple in isnfiulation, is especially useful in regions where
detailed description of the environment is not E@é or unknown, and where the natural heteroggéithe soil profile is
high due to the presence of diverse matter fragsnémiried litter, dead roots from herbaceous maskteees, 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 &tedl 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 herbzdss, where faecal matter
is obtained from the number of livestock heads igmaat the site, Diawara 2015, Diawara et al., 20I8e quantity of
carbon is 50 % the buried litter mass. The carbmh rEitrogen exchanges between pools and all equsatice detailed in
Moorhead & Reynolds (1991) and will not be devetbpere. Carbon dynamics depends on soil temperatailemoisture
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 codpleodel STEP/GENDEC/NOFIux, as detailed in Delomle{2015).
The NOFlux model uses an Artificial Neural Netwaagproach to estimate the biogenic NO emission fsmih to the
atmosphere (Delon et aR007, 2015). The NO flux is calculated from and efefs on parameters such as soil surface
temperature and moisture, soil temperature at 3@epih, sand percentage, N input (here given asreempage of the
ammonium content in the soil), wind speed, soil iHe input of N to the soil from the buried litisrprovided by STEP,
and the calculation of the ammonium content in $bé& coming out from this N input is provided by S8BEC. The
equations used for NO flux calculation are repoitedppendix B, taken from Delon et al. (2015).

The main structure of the model is kept identicairathe Delon et gl (2015) version, except for N uptake by plants, for
which the present paper proposes a formulatiomjlédtin Appendix C. In brief, in the previous viers of the model 2% of
the NH," pool of the soil was used for NO emission caléatatin the current version, the NO emitted to #tmosphere
results from 1% of the NA pool in the soil minus the N absorbed by plantse Percentage of soil NHpool used to
calculate the NO emission has been changed from124 based on Potter et al (1996) who proposedgerbetween 0.5
and 2%. In the present study, the 1% value was axbapted to fit experimental values.

6
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Soil respiration is the sum of autotrophic (rootydrand heterotrophic respiration. The autotropf@spiration in STEP is
calculated from growth and maintenance respiratainsots and shoots (Mougin et al., 1995), follogvequations reported
in table A5 (Appendix A). Autotrophic respiratiorgends on root depth soil moisture and soil tentperg2-30cm) and
root biomass, which dynamics is simulated by STHRe heterotrophic respiration is calculated in GEHDfrom the
5 growth and death of soil microbes in the soil dejiem on the available litter C (given by STEP). kdigial respiratiorp is
calculated as in equation 1.
p=(1-¢)Ca (1)
Microbial growth isy = e.Ca. Where is the assimilation efficiency and Ca is total v@itable,i.e., total C losses from four
different litter inputs, i.e. buried litter, littdrom trees, faecal matter and dry roots. Microbi@hth is driven by the death of
10 the living microbe mass, and the change in watégmiil during drying-wetting cycles (change betweg.5 and -0.01 MPa
in the layer 2-30cm). These calculations are desdrin Moorhead & Reynolds (1991) and Delon et(aD15) and are not
reported in detail in this study. A schematic viehSTEP-GENDEC-NOFIlux is presented in Fig. 1.

2.4 Modeling NH; fluxes

The net NH flux between the surface and the atmosphere depemthe concentration differengep — Gz , where Gus
15 is the ambient NElconcentration, angcp is the concentration of the canopy compensat@nt. The canopy compensation
point concentration is the atmospheric \tdncentration in the canopy for which the fluxetween the soil, the stomatal
cavities and the air inside the canopy switch fermission to deposition, or vice versa (Farquhal.e1980, Wichink Kruit
et al., 2007). The canopy compensation point canagon takes into account the stomatal and sgiers The soil
compensation point concentratiog,)(has been calculated from the emission potetiijalas a function of soil surface
20 temperature (Jin K) according to Wentworth et al., (2014):
%o (PPb) = 13 587 .Fy«. €039/ T0x 1(F, %)
A largeTy indicates that the soil has a high propensitynit &lH;, considering that the potential emission of Nt¢pends
on the availability of ammonium in the soil and thie pH g =[NH,)/[H"], values measured in the field and available in
Delon et al., (2017)).
25 Two different models designed to simulate land cspinere 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 thditgctional exchange of N\HThe overall flux ks is calculated as:

Fwns= (ch “Cuid XV, (equation 3)

30 with Vd = 1/(R+R,+R,)
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where Vd is the deposition velocity, determineduing the big-leaf dry deposition model of Zhan@le{2003). Rand R
are the aerodynamic and quasi-laminar resistanegsectively, R is the total resistance to deposition resultingr
component terms such as stomatal, mesophyll, mmagal/external/cuticular and soil resistancesadfided et al., 2013 and
references therein).\Gs is determined at the monthly scale from passivepser measurements. Thg, term is calculated
following the two-layer Zhang et al. (2010) modbEefeafter referred to as Zhang2010). This modedggizccess to an
extensive literature review on compensation poarcentrations and emission potential values clasisibr 26 different
Land Use Classes (LUC). Compensation point conagotrs are calculated in the model and vary withopy type,
nitrogen content, and meteorological conditionssThodel was adapted by Adon et al. (2013) forgpecificity of semi-
arid ecosystems such as Leaf Area Index (LAI) petgf vegetation, assuming a ground emission patexft400 (unitless)
(considered as a low end value for non fertilizedsystems according to Massad et al., (2010) asddban Delon et al.
(2017) experimental results) and a stomatal emigsatential of 100 (unitless) (based on Massad. ¢2@10) for grass, and
on the study of Adon et al. (2013) for similar egsiems as the one found in Dahra). Considerindpitheectional nature of
NH3 exchange, emission occurs if the canopy compemsaidint concentration is superior to the ambienicentration
(Nemitz et al., 2001). Emission fluxes are notedpasitive. Meteorological forcing required for teemulation are 3h-
averaged wind speed, net radiation, pressurejvelatmidity, air temperature at 2m height, surféemperature at 5cm
depth, and rainfall. The equations used in this ehade extensively described in Zhang et al. (2@03,0), and will not be

detailed here.

2.4.2 The Surfatm model

The Surfatce-Atmosphere (Surfatm) model combinesrargy budget model (following Choudhury and Mahtg1988))
and a pollutant exchange model (following Nemitakt (2001)), which allows distinction between gwl and the plant
exchange processes. The scheme is based on thet@desistance analogy describing the bi-dimewl transport of Nhi
governed by a set of resistances controlled byathmsphere, Rs m™), the quasi-laminar boundary layer, @ m), and
the canopy, R(s ni?) respectively (Hansen et al., 2017 and referetiwer®in). Surfatm includes a diffusive resistarerent
from the topsoil layer to the soil surface. Surfagpresents a comprehensive approach to studytaailexchanges and
their link with plant and soil functioning The Ntxchange is directly coupled to the energy budgkich determines the
leaf and surface temperatures, the humidity ofcdweopy, and the resistances in the layers abovsdih@nd in the soil
itself. This model has been comprehensively desdrib Personne et al. (2009) and more recentlyainsdn et al (2017).

The model is forced every 3h by net radiation, de@ptemperature (30 cm), air temperature, redatiumidity, wind speed,
rainfall, atmospheric Nkiconcentration (with monthly values from passivegkers measurements repeated every 3 hours).
Forcing also includes constant values of roughtesgth 7, Leaf Area Index (LAI), displacement height D, opg height
Z,,, measurement height.Z stomatal emission potential, and ground emispitential. The ground emission potential has
been set to 400 (unitless), and the stomatal emnigsdtential has been set to 100 (unitless) akdrsimulation based on
Zhang2010, except during field campaign perioderetihe ground emission potential has been defieed experimental

8
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values (700 in J12 and J13 and 2000 in N13). Cohstaut parameters were adapted to semi-arid tiondito get the best
fit between measured and simulated fluxes, and tadiies are listed in Table 1.

The main difference between Surfatm and Zhang281ei presence of a SVAT (Surface Vegetation Atrmesp Transfer)

model in Surfatm (Personne et al., 2009), allowiag energy budget consideration and accurate wéstit of surface

temperature and moisture.

2.5 Statistic analysis

Modeling and experimental results (trace gas fluames environmental parameters) have been analyzdideabasis of their
correlation (B) with an indication of the p-value, and with stégsv multiple regression analysis. The R software

(http://lwww.R-project.org) was used to provide fesof this linear regression analysis.

3 Results
3.1 Soil moisture, soil temperature and land atmgere heat fluxes

Soil moisture simulated by STEP in the surface daffgg. 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 excessnigtigansferred to the second layer, between 238hdm. Experimental
values measured at 5 and 10 cm are better repeesentthe model in this second layer (Fig. 2b)ehinregression gives a
R? of 0.74 (resp. 0.81) between STEP soil moisturthén0-2cm (resp. 2-30cm) layer and experimenthlnsoisture at 5
cm. R is 0.77 between STEP soil moisture in the 2-30ager and experimental soil moisture at 10 cm Tmepteral
dynamics given by STEP, the filling of the surfdager, the maximum and minimum values are comparébithe data.
However, the drying of the layers is sharper in tedel than in measurements at the end of the @stos, hence the
underestimation of the model compared to measurenertil December each year.

As a comparison, linear correlation between STEfeldp. STEP LE) and EC H (resp. EC LE) givéoR0.4 (resp. 0.7),
for both years of simulation (Fig. 3a and 3b). FBleificant correlation between Surfatm and ECrateeat fluxes indicates
that the stomatal, aerodynamic and soil resistaacesorrectly characterized in the model, givingfience in the further
realistic parameterization of NHluxes.

Surfatm soil surface temperature is very close &asnred soil surface temperature (Fig. 400, p<0.001 in 2012-
2013). Mean annual values were 35 8°C and 34.25gextively for surface Surfatm and measured soibsa temperatures
in 2012, and 32.4°C and 33.8°C in 2013. STEP serfamperatures (0-2cm layer) presents mean vafug@.@C in 2012,
and 32.6°C in 2013. Linear regression between ST-2Bm layer and measured surface temperatures4F)gives a Rof
0.7 (p<0.001) for 2012-2013.
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3.2 Biogenic NO fluxes from soil

In J12, average NO fluxes are 5.1+2.8 ngRish and 5.7+3.1 ngN.ihs* for modelled and measured fluxes respectively. In
J13, average NO fluxes are 10.3+3.3 ngRighand 5.1+2.1 ngN.is* for modelled and measured fluxes respectively. In
N13, average NO fluxes are 2.2+0.3 ngN.gt and 4.0+2.2 ngN.ths* for modelled and measured fluxes respectively.

In Fig. 5, the model represents the daily fluxes2@12 and 2013 and is compared to measuremergsmddel is comprised
within the standard deviation of the measuremantslR and N13 but overestimates fluxes in J13. Ghégestimation may
be explained by the ammonia content overestimayetihd> model at this period, shown in Fig. 6 whielparts 9 points of
measured ammonia from Delon et al., (2017). Thislires an overestimation of released N during tt®wWet season, and
an underestimation at the end of the wet seasoN183, when the presence of standing straw may tead emissions in
addition to soil emissions, not accounted for ia thodel because litter is not yet buried. The sligiderestimation of
modelled soil moisture (Fig. 2) at the end of thet season may also explain why modelled fluxedaarer than measured
fluxes. The large spatial heterogeneity in measergsnmay be explained by variations in soil pH giag from 5.77 to
7.43, see Delon et al., (2017)) and texture (satdiden 86 and 94%, clay between 4.7 and 7.9%)bwgritle presence of
livestock and the short term history of the Daltita, $.e. how livestock have trampled, grazed aepagited manure during
the different seasons and at different places. Shatial variation is evidently not representedhia 1D model, where
unique soil pH and soil texture are given, as &ela unique input of organic fertilization by litesk excreta.

Modelled dry and wet season NO fluxes are respelgti2.5+2.5 ngN.fi.s* and 6.2+4.1 ngN.is* for both 2012 and
2013, and the simulation gives a mean flux of 3.84®JN.n¥.s* for the entire study period. Wet season fluxesesgnt
51% of the annual mean, even though lasting ority 8 months. With wet season NO fluxes being mbaa ttwice higher
than dry season fluxes, results emphasize theeinfie of pulse emissions in that season This ineraathe onset of the wet
season over the Sahel, due to the drastic changm@limoisture, has been previously highlightedshtellite measurements
of the NG column, by Vinken et al. (2014), Hudman et al.12)) Jaegle et al. (2004) and Zdrner e{2016).

Simulated NO fluxes are significantly correlatedhnineasured soil moisture at 5 and 10 cm depthQR3, p<0.001) for
both years, but not directly with soil temperatukemultiple linear regression model involving soibisture at 5 cm depth,
soil temperature at 5 and 30 cm depth and winddspeexplain simulated NO fluxes leads to%0R0.43 (p<0.001). These
parameters have been shown as important drivéd®©oémissions in several previous studies, suchamsydk et al. (2016),
Medinets et al. (2015), or Delon et al. (2007).6ed, as detailed in Appendix B, NO fluxes in STEHPNBDEC-NOflux are
calculated by an equation derived from an Artificieural Network (ANN) algorithm taking into accduthese 4

parameters, together with sand percentage, soéqeHN input.
After the pulses of NO at the beginning of the seson (Fig. 5), emissions decrease most likelsusecthe available soil
mineral N is used by plants during the growing ghakroots and green biomass (especially in 20413, is less available

for the production of NO to be released to the ahere (Homyak et al., 2014, Meixner & Fe2004, Krul et al., 1982).
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During the wet season, NO emissions to the atmesphehe model are reduced by 18% due to plargkepfcompared to
NO emissions when plant uptake is not taken intoant). Indeed, N uptake by plants is enhanced viteTspiration

increases during the wet season (Appendix C).

3.3 Soil CQ respiration

Soil respiration includes soil heterotrophic reafpan (which refers to the decomposition of deatl@ganic matter -SOM-
by soil microbes) and root respiration (includingraspiratory processes occurring in the rhizosphXu et al., (2016)).
The simulated respiration of aboveground biomassisncluded as in measured data.

In J13, the average measured flux is 2.6+0.6 @it and the average modelled flux is 1.9+0.4 g&adfit- The correlation
between the two data sets is non significant. I13,\he average measured flux is 0.78+0.11 g&xh) and the average
modelled flux is 0.18+0.02 gC:fd™. The two data sets are not correlated. Novembie$l are less important than July
fluxes, as illustrated by both the model and thesneements (Fig. 7), and as previously shown withyecovariance data
(Tagesson et al., 2015a). Simulated respiratiorefitare in the range of measured fluxes in J13ajppear to underestimate
measured fluxes in N13 (Fig. 7), likely because mhedel over-predicts the death rate of microbes sutgsequently
underestimates the GQespired, whereas microbes and residues of res{siration persist in the field despite low soil
moisture. A second explanation of this underestonamight be the lower soil moisture in the modelrt in measurements
at the end of the wet season (Fig. 2).

The simulated autotrophic respiration (roots + aggound biomass) is shown, together with the hetgsbic (microbes)
respiration, to check for a possible role of abewagd biomass in comparison with measurements @igAs expected, the
heterotrophic respiration is higher than the aoftfiic respiration before and after the growth @& tiegetation, i.e. at the
beginning and end of the wet season in 2012, anglyrecipitation dry spells (e.g. in J13). At #med of the wet season, the
late peaks of simulated heterotrophic respiratienlaked to late rain events (autotrophic respirais no more effective
because vegetation is not growing anymore). Addiegautotrophic respiration to the heterotroph®piation does not
help to better fit to measured respiration in N13.

Average dry and wet season simulated soil respiragire respectively 0.3+0.7 gC’d™ and 1.0£0.4 gC.thd™”, while
annual mean is 0.5+0.7 gCxd™. This annual mean is below global estimates fasgiand (2.2 gC.fd™) and deserts
partially vegetated (1.0 gC:ff?, 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).

Simulated daily respiration from microbes and rdsetsignificantly correlated with measured soil stoie at 5 and 10 cm
depth (both with B=0.5, p<0.001) for both years, whereas soil fieleasured respiration show a lower correlatiof(R4
and p=0.09, B0.3 and p=0.1 in J13 and N13 respectively) wittiaae soil moisture.

11
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3.4 NH; bidirectional exchange

NH; fluxes were simulated by two different models: f&tm (Personne et al., 2009), and Zhang2010 (Fig.Bg same
ambient concentrations deduced from in situ measemn¢s are prescribed in both models. In J12, aeditages are 1.3+1.1
ngN.m%s?, 2.622.6 ngN.mM.s*, and -9.0£0.9 ngN.is?, for measured, Surfatm and Zhang2010 respecti&itpulated
fluxes are not significantly correlated with measuidata. In J13, average fluxes are -0.1+1.1 nifié-1.7+2.4 ngN.m
2s1, -7.8+2.2 ngN.ri%.s?, for measured, Surfatm and Zhang2010 respecti@lsfatm and measurements fluxes are weakly
correlated (R=0.2 p=0.2).In N13, average fluxes are 0.720.5 nghk®, -0.2#1.1 ngN.if.s*, -2.840.9 ngN.m.s?, for
measured, Surfatm and Zhang2010 respectively. Burfad measurements fluxes are weakly correlatéd0(R p=0.2),
and Zhang2010 and measurements fluxes are sigmtifjiazorrelated (R=0.5; p=0.01).

At the annual scale, modelled NHry deposition flux is -0.9+3.3 ngN:fs* (-0.3+1.0 kgN.hd.yr") and -3.5+4.6 ngN.in
25t (-1.1#1.4 kgN.hd.yr") in 2012, and -2.0+3.7 ngN:fis* (-0.620.3 kgN.h&.yr?) and -2.7+3.8 ngN.ihs® (-0.8+1.2
kgN.ha'.yr?) in 2013, in Surfatm and Zhang2010 respectively. & shows alternative changes between low Bitission
and low deposition. This switch occurs during thg deasons (from mid October to end of June). lddeanopy
compensation point and ambient concentration valuesquite similar: low deposition dominates whénhamidity is
sufficiently high, roughly above 25% (before anteathe wet season), whereas low emission dominetes air humidity

is low (<25%).

Dry season fluxes are on average -0.9+2.3 ngi&hand -0.2+1.6 ngN.ihs® and wet season fluxes are -8.1+3.2 ngRism

! and -4.3+4.8 ngN.ihs* for Zhang2010 and Surfatm respectively. The ngtaghd wet season fluxes are in a similar range
as NH fluxes calculated by Adon et al. (2013) using Z§201.0 at comparable Sahelian sites in Mali and Nigel; fluxes
ranged between -3.2 and 0.9 ngN.st during the dry season and between -14.6 and é\oni’.s* during the wet season.

4. Discussion
4.1 NH; exchanges
4.1.1 NH; deposition flux increase

In the months of August 2012 and 2013, there i®eraehse of Nk deposition fluxes, explained by a decrease irs NH
concentration (not shown here: if the concentratienreases, whereas the canopy compensation poiains stable, the
flux will decrease as shown by equation 3). Thisrdase in Nk atmospheric concentration is explained by a strong
leaching of the atmosphere in August: Dahra isaaep savanna, and the main source of Biidission to the atmosphere is
the volatilization of livestock excreta (Delon &t 2012); the excreta quantity and quality is amaximum at the end of the
wet season, (Hiernaux et al., 1998, Hiernaux anthdn2002, Schlecht and Hiernaux 2004), becauseasiare better fed.
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August is the month with the maximum ammonium wepakition, which leads to a strong leaching ofatmosphere, and

explains the decrease of the Nedbncentration (Laouali et al., 2012).

4.1.2 Role of soil moisture and soil temperature oNH3 fluxes:

A significant correlation (p<0.01) is found betwehang2010 and Surfatm fluxes and measured soistomei at 5 cm
depth, (0.6 and 0.3 for 2012-2013 respectively}l #is correlation is higher if only the dry seassrconsidered (0.7 and
0.5 respectively). A weak but significant corredatis found between Surfatm fluxes and soil temjpeea(R=0.2, p<0.001)
for both wet seasons, whereas it is not found Witang2010 fluxes. An explanation may be that the; Bkthange in
Surfatm is directly coupled with the energy balawmizethe surface temperature (Personne et al.,)2@08tepwise multiple
linear regression analysis was performed betweem@?010 fluxes and Nfambient concentrations, air humidity, wind
speed, soil surface temperature and moisture,dthr years of simulation. The resulting model gige® of 0.9 (p<0.001),
showing a large interdependence of the above pigedmeters on Nifluxes (whereas the correlation between;Nibxes
and each individual parameter is not significaithile the isolated soil temperature effect is netmdnstrated, these
complex interactions between influencing parameserggest that the contribution of soil temperattoeNH; fluxes,
together with other environmental parameters, besoralevant.

The same multiple linear regression model is rumwéen Surfatm NEifluxes and the above cited parameters, but with so
moisture replaced by latent heat fluxes since smiisture in Surfatm is not available at a constieyith. B is 0.6 (with
p<0.001). As for Zhang2010, the nested influencésemvironmental parameters in Surfatm are highédhtThese
interactions become more complex with the enerdgriza effect, but may be more accurate in repraggtite partition
between surface and plant contributions.

4.1.3 Contribution of soil and vegetation to the reNH; flux in Surfatm:

Surfatm allows differentiating between the diffdreantributions of soil and vegetation to the Nilixes (Fig. 10). The net
flux above the canopy results from an emission flexn the soil and a deposition flux onto the vegieh via stomata and
cuticles, especially during the wet season. EmisBimm stomata may also occur (Sutton et al., 18@56)s largely offset by
the deposition on leaf surfaces which leads topsion flux onto vegetation. The deposition otialas is effective until
the end of the wet season, whereas depositionghrstomata lasts until the vegetation is compledeyy i.e. approximately
2 months after the end of the wet season (thelgdt@iween stomata and cuticle deposition is notvshhere). On the basis
of the different averages for each contributingflwe estimate that the soil is a net source of Ntting the wet season,
while the vegetation is a net sink.

During the wet season, the contributions of vegmtaand soil in Surfatm are -6.3+3.7 6 ngh\.sT and 2.0£1.9 6 ngN.m
2 s* respectively for both years. Deposition on theetation through stomata and cuticles dominate Xvhange at that
time of the year, (during rain events, the cuticuksistance becomes small and cuticular depositimninates) despite an

increase of soil emission. This increase is duantincrease of the deposition velocity of Nidonsecutive to the humidity
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response of the surface) and a decrease of th@gaompensation point, sensitive to the surfaceness (Wichink-Kruit et

al., 2007).

During the dry season, vegetation (i.e. stomatatieles) and soil contributions are low (-0.9+1ahd 0.7+0.6 ngN.fAs*
respectively, as reported in Table 2). Abovegrobherbaceous dry biomass stands for a few monthstatteend of the wet
season when the soil becomes bare, and the vegetdfect negligible. At the end of wet season 2(Hig. 11), the soil
contribution to the total flux increases signifidgn(2.9+0.7 ngN.n%.s* in N13) due to the increase of the ground emission
potential prescribed at 2000 in Surfatm (instead@f for the rest of the year, to be consistenh wieasurements noted in
Delon et al., (2017)).

4.1.4 Surfatm versus Zhang2010 Nkbidirectional models

The two models are based on the same two layer Inapgeoach developed in Nemitz et al. (2001). kn ttho models, the
ground emission potential and the N&mbient concentrations are prescribed. The cosgarf modelled and measured
flux values in Fig. 9 shows differences especifidlyresults predicted by Zhang2010. This is pabgause in Surfatm the
ground emission potential varies with time and wgpscifically modified for the field campaign pergpdwhereas this
parameter does not vary in Zhang2010. Indeed, Z&k@® model was specifically designed to addresgdg®mnal scale
and average temporal scales rather than hot spdtetanoments of Nklexchange. The lack of variability of the ground
emission potential in Zhang2010 highlights the BiMity of fluxes to this specific parameter for Iidodelling in semi arid
soils, where the rapid turnover of N cycle and dbeupt transitions between seasons needs a higjhility of the ground
emission potential to represent the processes ahasely.

In Surfatm, the temperatures (above and in the) so# calculated through the sensible heat flug, humidity and
evaporation at the soil surface are calculateduthinghe latent heat flux. The resistances needethéocompensation point
concentration and for the flux calculation are deilifrom the energy budget. This allows taking $iameously into
account the role of temperature and humidity ofsthié In Zhang2010, the RR,, R. resistances are calculated directly from
the meteorological forcing, and the soil resistaisgerescribed. Again, the flexibility of this panater is more adapted than
fixed values for 1D modelling.

However, the close correlation between both mogR#s0.5, p<0.01) indicates a similar representatioprotesses in each

model and emphasizes clear changes at the tranbittwveen seasons.

4.2 Effect of soil moisture and soil temperature oexchange processes

For most of the biomes the temperature stronglyegmsoil respiration through metabolism of plartd microbes (Lloyd
and Taylor, 1994; Reichstein et al., 2005; Tagessah Lindroth, 2007). However, in our results warfd no significant
correlation between soil temperature and trace fiases. This confirms that in the semi-arid tropicgavannas,
physiological activity is not limited by temperagufArchibald et a] 2009; Hanan et al., 2011; Hanan et al., 1998; Iswe

et al., 2016a; Tagesson et al., 2015a). Instedldnsdsture variability overrides temperature effeas also underlined by Jia
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et al (2006). Indeed, for low soil moisture conditiosfight changes in soil moisture may have a prinardffect, while
temperature effect on microbial activities is nbservable(Liu et al., 2009). This may explain why soil temperature and
NO, CQO, 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 @eag8.1+2.7% vs 3.2+1.5% in dry seasons), soilpnature effect
becomes visible, elevated temperatures may increasebial activity, and changes in soil temperatunay have an
influence on N turnover and N exchanges with tihneoaphere (Bai et al., 2013).

During the dry season, substrates become lessabiaifor 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). DairBet al. (1989) have experimentally shown thairdy did not kill
the microbial biomass during alternating wet/dryditions at a Sahelian site. It is therefore likiigt the transition from
activity to dormancy or death at the end of the sezison is too abrupt in the STEP-GENDEC-NOFlux ehddading to
smaller NO and Cofluxes than the still rather large measured fluwasthermore, the two first layers of the soiltire
model dry up more sharply than what measuremenigate, and the lower modelled soil moisture hasetiact on
modelled fluxes.

During the wet season (and just before and attee)|ink between soil or leaf wetness (relateditdvamidity) and NH dry
deposition is straightforward, as Ni$ highly soluble in water. Water droplets, anih tvater films formed by deliquescent
particles on leaf surfaces increase Ny deposition (Flechard and Fowler, 1998). Thiscpss is easily reproduced by the

two models used in this study, as shown in Figh@ne a net Nkldry deposition flux is observed during the wetssea

4.3 Coupled processes of NO, Cand NHs emissions

Larger CQ and NO fluxes were seen at the beginning of thessason (Fig; 5 and 7), compared to the core efatht
season and to the dry season. This can be explaindde rapid response of the soil decomposerbiéddricrease in soil
moisture leading to a rapid decomposition of therdiburied during the preceding dry season (amdpa increase in
ammonia as shown in Fig. 6). A pool of enzymes iemi the soil during the dry season and ensueesmposition with
the first rains even when microorganism populati®mot yet fully developed. Austin et al. (2004)vbastated that as
microbial substrates decompose rapidly, microbdkhbei sufficiently supplied for growth and respieat, involving CQ
emissions, and the excess N will therefore be ralized. Indeed, the Nfidynamics controls nitrification and volatilization
processes (Schlesinger and Peterjohn, 1991; MoCalleal., 2011). The N 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 favor deposition of NHf NH," is no more available in the soil to be
volatilized.

During the dry season, as the microbial activitseiduced to its lower limit, the N retention mecisanin microbial biomass
does not work anymore (N retention is linked to mhi@eralization of organic C caused by heterotrophicrobial activity
and allows N to be available for plants), and mah& may accumulate in the soil during this timerf@ni-Ventura et al.,
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2010, Austin et al., 2004). Therefore, N loss stautither occur via Nivolatilization during that period, nor via NO
emission. Furthermore, the very low soil moisturel 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. IHNO and CQ
fluxes are affected by the same biotic and abifatitors, including amount of soil organic C, N gtignand availability,
soil oxygen content, soil texture, soil pH, soikcnabial communities, hydro-meteorological condiipamount of above and
below ground biomass, species composition anduaedXu et al., 2016, Pilegaard et al., 2013, Ghel., 2013).

At the end of the wet season, the increase oféhescent aboveground biomass increases the qualitier which leads
to an input of new organic matter to the soil amer¢fore a new pool of mineral N available for gieduction of NO and
NHs to be released to the atmosphere, at a time wiestiaceous species no longer would benefit frofhils process has
been highlighted in Delon et al. (2015) in a simday savanna in Mali. Furthermore, NO and J\tinissions are suspected
to come from the litter itself, as shown in temper@rests by Gritsch et al. (2016), where NOlligeissions increase with
increasing moisture.

In the STEP-GENDEC-NOFlux model respiration and Bt fluxes were significantly correlated %80.6, p<0.001), but
not directly in the measurements, due to the dpadidability of the site. The microbial activitg inot efficient enough in
the model when the soil moisture is low, whereasmi@asurements, as for NO fluxes, this microbialvagtseems to remain
at a residual level leading to a release of bothad® CQ to the atmospher@®elon et al., 2017). A lagged relationship may
somehow be displayed in measurements if measurediux®s are shifted by 1 day (i.e. €@ in advance) in J13, then
R?=0.6 (p=0.03, B=0.2 if not shifted), highlighting a lag between £d NO emission processes. If the same lag iseappl
in model predictions, then?R0.6, (p<0.001), showing that soil respiration auitrification processes (causing NO release)
are closely linked by microbial processes througjhmicroorganisms that trigger soil respiratiordatecomposition of soil
organic matter (Xu et al., 2008, Ford et al., 200Hjis one day lag however has to be considerethapen question. The
exact lag duration should be studied more thorgughiit highlights anyway the close relationshipwestn processes of

nitrification and respiration.

5 Conclusions

This study has shown that NHNO and CQ exchanges between the soil and the atmospherdraven by the same
microbial processes in the soil, presupposing thaisture is sufficient to engage them, and takimg iaccount the very
specific climatic conditions of the Sahel regiondéed, low soil and air water content are a lirgitfactor in semi-arid
regions in N cycling between the surface and tiheoaphere, whereas processes of N exchanges ratesfznced when
water content of the exchange zone (where micrghiatesses 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 becon®&ragn influencing
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parameter in the wet season for N exchange, @6piration fluxes in this study are not influetidey soil temperature
variations, overridden by soil moisture variatidrttee seasonal and annual scale ;Midirectional fluxes, simulated by two
different models, have shown a high sensitivityite ground emission potential. The possibility djuating this parameter

to field measurements has greatly improved theaigpaf the Surfatm model to fit the observatiosuls.

The understanding of underlying mechanisms, cogplbiogeochemical, ecological and physico-chemicebcgss
approaches, are very important for an improved kedge of C and N cycling in semi-arid regions. T¢entrasted
ecosystem conditions due to drastic changes innaasslability have important non linear impactstbe biogeochemical N
cycle and ecosystem respiration. This affects gbfmesc chemistry an climate, indicating a stronk rof coupled surface
processes within the earth system. If changes @tipitation regimes occur due to climate change, bduction of
precipitation regimes may affect regions not com®d as semi arid until now, and drive them to samidi climates
involving exchange processes such as those dedciibthis study. Additionally, an increase in demsgghic pressure
leading to increases in livestock density and ckarig land uses will cause changes in soil physicdlchemical properties,
vegetation type and management, important factifesting N and C exchanges between natural teraéstcosystems and

the atmosphere.
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10 Appendix A: Details on STEP formulations

Parameter Symbol Unit Source

Rainfall P mm Dahra meteorological station
Net radiation Rn Dahra meteorological station
Maximum air temperature Tamax T&nin °C Dahra meteorological station

Minimum air temperature

Incident Global Radiation| Rg MJm | Dahra meteorological station
Mean relative air humidity Hr % Dahra meteorologsation
Wind Speed ws ms Dahra meteorological station
Climatic efficiency| g, MJ MJ* | 0.466 Imbernon et al (1991)
(PAR/RQ)

Table Al: Daily climatic data of the Dahra station sed 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(i) % 89/89/91/9 | Delon et al. 2017
Clay content of layer i Clay (i) % 79/7.9/7%5 | Delon et al. 2017

pH value of layer i pH(i) - 6.4/6.4/6.4/6.4 ebnetal 2017
Initial water content of layer i Shum(i) mm 0.4/80/38 Field measurement
Initial soil temperature of layer |  Ts(i) °C 23.23.9/ 28/ 3Q Field measurement
Run-off(on) coefficient C_Ruiss - 0 Endorehic site

Soil albedo oy - 0.45 Station scale, satellite
Initial dry mass BMsO g 10 Delon et al., 2015
Initial litter mass BMIO g 30 Delon et al., 2015
C3/C4 herb proportion C3C4 % 43/67 Field measurgme
Dicotyledon. contribution Dicot % 43 Field measush
Root mass proportion of layer Root % 75/20/5 Mougin et al. (1995)

(2:4)

Table A2: site parameters necessary for initializatn of STEP-GENDEC-NOFlux model.
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Parameter Symbol ‘ Unit ‘ Value Source

Vegetation

Vegetation albedo w, - 0.2 Station measurement,
satellite

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

green vegetation

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

Maximum conversion efficiency| g, g DM|4[4-8] Scaling parameter

Myt

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 “m'  [0.0144 Unpublished data
(Mougin)

Shoot maintenance respiratipm.s 0.015 (20°) Breman & de Ridder,

cost 1991

Root maintenance respiratiomg, 0.01 (20°) Breman & de Ridder,

cost 1991

Shoot growth conversiaryY g - 0.75 McCree, 1970

efficiency

Root growth conversionyY g, - 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 d?t 0.00072 Nouvellon, 2000

Optimal temperature fgrTmax °C 38 Penning de Vries &

photosynthesis Djitéye, 1982

Leaf water potential for 50%ap,, MPa 0.6 Rambal & Cornet, 1982

stomatal closure

Shape parameter N - 5 Rambal & Cornet, 1982

Minimum stomatic resistance | mik smt 100 Korner et al, 1979

20



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-366

Manuscript under review for journal Biogeosciences

Discussion started: 27 August 2018
(© Author(s) 2018. CC BY 4.0 License.

10

15

C4 Mesophyll resistance mr sm' 44 Jones, 1992
C3 Mesophyll resistance mr sm! 450 Jones, 1992
Plant resistance to water transfers bar  d 1.03 Saugier, 1974
mm*

Parameters of the canopy height b, c - -0.0000024, Mougin et al., 1995
curve 0.0055, 0.047
Soil
Infiltration time constant K(i) cm day| 1200/ 120/ 120/ 80| Casenave & Valen

1989
Soil Extinction coefficient K cm? 0.125 (sand) Van Keulen, 1975

0.135 (clay+silt)

Parameters of the soil wate, b - 4140, 805 Camillo& Gurney, 1986
resistance equation
Parameters of the SOidi - (e-5) 3.95/5.42/6.97/9.80 Modified from Cornet
characteristic retention curve | bi 2.93/2.71/2.59/2.43| 1981
Initial soil Carbon content Cs gCm-2 50 Unpublidlata
Initial soil N content Ns gNm-2| 3 Unpublished data

Table A3: model parameters used to run STEP-GENDEC-NOFk model.
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Variable Symbol Unit
Climate

Global radiation Rg MJd
Net radiation Rn MJd
Available energy (Rn — G) A MJd
Soil heat flux G MJ d
Water budget

Rainfall P mm &
Infiltration I mm d’
Soil water content w mm
Evaporation E mmd
Transpiration Tr mmd
Drainage D mmd
Soil water potential Ws,i MPa

Soil resistance to water-vapats smt
transfert

Canopy stomatal resistance |tg sm’
water vapor transfer

Vegetation

Vegetation cover fraction (total]  Vcft m?
Vegetation cover fraction (total) Vcfg am?
Vegetation cover fraction (total] Vcfd am?
Green leaf area index LAl m” m’*
Dry leaf area index LA e m?
Specific Leaf Area SLA kg™
Canopy height h m
Allocation factor a -

Green herbage mass BMg g DMPm
Dry herbage mass BMs g DMMm
Litter herbage mass BMI g DM
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Root herbage mass BMr g DMm
Gross photosynthesis PSN g DMfm
Shoot maintenance respiration Rmg gDMm
Root maintenance respiration Rmr g DM'm
Shoot growth respiration Rgm g DMm
Root growth respiration Ror g DM

Table A4: model variables used to run STEP-GENDEC-NOFIuxDM=Dry Matter.
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Equations Unit

Source

Temperature

Soil temperature

TSmax= Tanax+ (Er + 0.35TR.)Eb

TSmin = Tamin + 0.006BMg -1.82

Er = 24.07*(1-exp(-0.000038*Radiation)
Eb = exp(-0.0048*GreenBiomass) - 0.13

Parton et al., 1984

Water budget

Infiltration | / Run-off / Run-on mm d’

ifP<5 I=P;
if P>5 | = P + C_Ruiss*(2*P-10)

Hiernaux, 1984

Water infiltration in the soil profile mm d!
dWy/dt=1-BE-D,
dW/dt=D.,—-E-Tr - D

Manabe, 1969

ifW> FC O = (D.. — FG)/AK;

with Ak, =6 / Ki d-:l

Soil characteristic retention curve for layer i

Wsi=a W™ MPa

Soil Water Content at saturation

Ws,i = 0.332- Sand(i)7.251e-4 + m m->
0.1276log[Clay(i)]

Saxton et al., 1986

Soil Evaporation E

S.A+@ mm d?!

E=Vcfs—— =
AMstA1+ )

Monteith, 1965

Transpiration Tr
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S. A+@

Tr=Vcfg—— e
/\(S+}'(1+%”))

mm d? Monteith, 1965

Soil resistance to water-vapor transfest r

fss= a(\Nsat_ Wl) -b

Camillo and Gurney, 1986

Canopy stomatal resistance

7N
@+
Yy,

2

rsc = rsmin

dm? Rambal and Cornet, 1982

Carbon budget

Vegetation Cover fraction

Vcft = 1 — exp(-k LAI)

Mougin et al., 2014

Vefg = Veit FA9
LAIt

Vefd =Vcft 2415

LAIt

Leaf Area Index

LAlg = SLAg*BMg
LAId = SLAd*BMd
SLAg=SLAQO exp(-k_a t)

Mougin et al., 1995

Canopy height

h. = aBMd + bBMg + ¢

Mougin et al, 1995
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Growth model Mougin et al, 1995;
modified

Shoots and roots oy, 0y, O3, 04 = parameters

d%&zmaPSN +a-BMg

dBMr
dt

=a,(1-a)PSN +a,BMr

Photosynthesis

PSN = PAR* fAPAR* f(W,T) * ¢,

f(T) = 1-(Tmax-Tl)*c
(W) = f(rsmim Ta Tsc, fm)
a is derived such as :

BMr _ 12

BMg 2+ 001BMg
;= fipar = 1-exp(-kar LAI) fAPAR; Mougin et al,

2014

Quo(RmM) = AT-20/10)

Respiration
Shoot
maintenance: Rm = iYG BMg with Mc Cree, 1970
me Mes (2.0%*(Tj/10 - 2))
growth : Rg = (1-YG)aPSN Thornley & Cannell, 2000
Root

maintenance: Rmr = nYGr BMr with
mr = m (2.0**(Ts/10 - 2))

growth:  Rgr= (1-YGr)[(1-a)PSN
Senescence

BMs = s BMg

Table A5: Equations used in STEP
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Appendix B — Equations used in NOflux for NO flux @lculation from ANN parameterization.

NOFIlux = g5 + ¢;g x NOfluxnorm
NOfluxnorm = w, + Wostanh(S1) + wgtanh(S2) + wtanh(S3)
where NOfluxnorm is the normalized NO flux

7
5 SI':WO-'-Z\Nin,norm
i=1

j,norm

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

23
S3=W, + > WX,

j,norm
i=17

where jis 1 to 7, andiXomtO X7 normCOrrespond to the seven normalized inputs, asvist!
=1 % nom= G + G % (surface soil temperature),
10 | =2:%, nom= G + & % (surface WFPS),
j =3 % nom= G + G x (deep soil temperature),
4: X4 norm= G + G % (fertilization rate),
=5 %, nom= G + Cio X (sand percentage),
6: %, norm= Ci1 + C12 X pH,
15 j=7:% nom= Ci3 + Cig X (Wind speed).

Weights w and normalization coefficients c are giire Table B1.

wO 0.561 wil4 1.611 C1 -2.454
wl -0.439 w15 0.134 Cc2 0.143
w2 -0.435 w16 -0.213 C3 -4.609
w3 0.501 wl7 0.901 C4 0.116
w4 -0.785 wil8 -5.188 C5 -2.717
w5 -0.283 w19 1.231 C6 0.163
w6 0.132 w20 -2.624 Cc7 -0.364
w7 -0.008 w2l -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 Ci11 -25.55
will -0.943 w25 -1.239 Ci12 3.158
wil2 -0.862 w26 -1.413 C13 -1.183
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w13 -2.680 w27 -1.206 Ci4 0.614
C15 3.403
C16 9.205

Table B1: weights and coefficients for ANN calculatn of NO flux.

Appendix C

In STEP the seasonal dynamics of the herbaceoes ig@ major component of the Sahelian vegetatiod,is represented
through the simulation of the following processester fluxes in the soil, evaporation from bard,soanspiration of the
vegetation, photosynthesis, respiration, senescéditige production, and litter decomposition aethoil surface. Faecal
matter deposition and decomposition is also indiudem the livestock total load given as input paeger.

The N uptake by plants (absorption of mineral Npbgnt 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 absorptioregwal to the daily
transpiration which depends on climatic conditiqigdobal radiation, air temperature, wind velocitpdaair relative
humidity), soil water potential (water content ioildayers) and hydric potential of the plant whicantrols its stomatal
aperture (and then the transpiration). Transpinaisocalculated with the Penmann-Monteith equa¢donteith, 1965), in
which the stomatal resistance depends on the pigahtic potential, itself depending on the soil ntaie and climatic
conditions. For equivalent climatic conditions, ry doil involves a high potential, a closure ofrstias and a reduction of
the transpiration. On the contrary, a humid soibimes a low potential, open stomatas and a laigspiration. The plant
hydric potential is calculated daily with transpioa equivalent to root absorption, which itself dalculated from the
difference between soil and plant potentid®(gin et al., 1995).
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Tables

Description of parameters in Surfatm Value in 8tisdy
Time step 3h

Characteristic length of leaves 0.03m

Total soil depth 0.92m

Soil density 1500 kg.n?
Radiation attenuation coefficient in the canopy 7 0.

Wind attenuation coefficient in the canopy 2.3

Initial soil moisture

0.09 kg(k0)/kg(soil)

Dry soil moisture

0.02 kg(3D)/kg(soil)

Field capacity

0.14 kg(3D)/kg(soil)

Wilting point 0.02 kg(HO)/kg(soil)
Thermal conductivity of wet soil layers 2.5 Wir?
Thermal conductivity of dry soil layers 1.5 WK™

Depth of temperature measurements 0.3 m

Soil porosity 0.45

Soil tortuosity 2.5

Table 1 : Input parameters for the Surfatm model
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Dry seasons -0.9+2.3

Zhang
Wet seasons -8.1+3.2
Zhang
2012-2013 -3.1+4.2
Zhang

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

and  standarg (=Fstom + Fcut)

deviation

(ngN.mZ2s%)

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 -1.443.5 1.1+1.3 -2.5+3.5 -0.7£1.5 -1.8+2.7
Surfatm

$$900y uadQ

EGU

Table 2: Contributions of vegetation and soil to theotal NH; flux in SurfAtm, net NH ; flux in Zhang, wet season mean, dry season

mean and annual mean,for both years of simulation.
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Figure 1: Schematic representation of NO and C@flux modeling in STEP-GENDEC-NOFIlux (adapted from Delm et al., 2015).
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blue, in %, at daily scale. b) Volumetric soil moiture simulated by STEP in the second layer (2-30cmjiblack, soil moisture
measured at 5cm in blue solid line, measured at 1@cin blue dotted line, in %, at daily scale
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Figure 9: NH; flux (in ngN.m?2.s%) simulated by SurfAtm (black line) and Zhang et al.(2010) (grey line) and measured during 3
field campaigns (grey triangles). Error bars in greystand for standard deviation at the daily scale. & humidity in % (blue line).
DS = Dry Season; WS = West Season
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Figure 10: NHs flux (in ngN.m2.s?) simulated by SurfAtm and partitioned between soiland vegetation. Black line is for total net
flux (Ftot), grey line is for soil flux (Fsol) andblue line is for vegetation flux (Fveg)
25

46



