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Response to referee#1 comments.

“The authors have done a good job in addressingahiewers' comments. The manuscript has been aadily improved.
Before final publication, please take the beloweliscomments into account:

Section on statistics is still a bit lacking. Apgies if | have been unclear in the initial revielihe authors do not need to
explain what a p-value is, but rather which hypstee were tested, correlations between which vaglfor 'variable
groups', e.g. fluxes and meteorological driversyevanalyzed at which time scales, etc. Currentig gection is just a
slightly more detailed list of methods, but it t8l $10t immediately clear what exactly these toalsre used for without
reading the results section first.

My major concern regarding the temporal scale hasrbaddressed in an adequate manner with respéleetscope of this
study. Personally, | am not 100 % convinced thatlefimg with monthly input data is enough to dramyaconclusions on
more than the average monthly flux, since the sabthty concentration gradient is being calculatednfi two variables
with very different time-scales. However, thesectffsometimes average out over a month, and neaydevso over a day
under specific conditions. Since this is impossioleest without parallel high-frequency measuretsgei feel like the
discussion and new literature references in seclidnl are sufficient as a caveat for the readgjareling the interpretation
of results.

The new flux partitioning with Zhang2010 is a webeand interesting addition. Despite being onlynzak part of the
manuscript, one can learn a lot about the uncettagassociated with model-based flux partitionfiregm this section.
Typesetting, units and tables are much better rathipugh math typesetting is still a little lackieisin some parts (e.g.
unnecessary dots in Eg. (2), some missing subscfiptd vs Vd, Rglo vs R_glo, etc.), missing diffteagon between
variables (slanted) and descriptors (upright), gtbut this can be fixed during the proofreadingldimal typesetting phase.
My other concerns have been addressed well byuti®es and | think the manuscript should be acadjptfter some minor

additions to the statistics sectidn

The authors are grateful to the referee for itpfaeland very constructive remarks.

The paragraph on statistics (line 31, page 9) bas bompleted and the following sentence has beaeda

“These tests are used in the following paragrdpht® determine if the models are precise enowghdrrectly represent
environmental variables like soil moisture, soiinfgerature, latent and sensible heat fluxes at timual scale, and to
represent measured fluxes of NO, Nihd CQ for some periods (ii) to verify if environmentaiwkrs, taken individually or
in groups, explain the NO/NJLCO, fluxes, and in what extent and (iii) to compare tivo models used for NHlux
modeling.”

Equation 2 was modified to remove dots.

In the text and in the appendix A, Vd becomes Rg becomes R Rglo becomes fg, Rgr becomes 8 BMsObecomes
BMs,, BMIO becomes BM)| BMgO becomes BMg SLAgO becomes SLAg
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Slanted variables and upright constants have bleecked in the tables, but nothing was modified beeave did not find
where to modify. In the text however, and in App&nB, variables were not slanted. This was modiféed variables are
now slanted everywhere it is necessary.

Typesetting was checked throughout the manusanghpsame corrections were made.



Modelling land atmosphere daily exchanges of NO, Nand CG, in
a semi-arid grazed ecosystem in Senegal

Claire Delorl, Corinne Galy-Lacaux Dominique Serca Erwan Personie Eric Mougir?, Marcellin
Adon", Valérie Le Dantet Benjamin Loubét Rasmus FenshdjtTorbern Tagesson

! Laboratoire d’Aérologie, Université de Toulous&/RS, UPS, France.

2 UMR ECOSYS, INRA, AgroParisTech, Université PaBiselay, 78850, Thiverval-Grignon, France..

3 Géosciences Environnement Toulouse, UniversitBaibouse, CNES, CNRS, IRD, UPS, France.

4 Centre d’Etudes Spatiales de le BIOsphére, Uritéeti® Toulouse, CNES, CNRS, IRD, UPS, France.
® Department of Geosciences and Natural Resourceyéament, University of Copenhagen, Denmark.

10| f Laboratoire de Physique de I'Atmosphere, et de aMigrie des Fluides, Université Félix Houphouét-BgjgAbidjan, - { Mis en forme : Exposant

15

20

25

30

Cote d'lvoire.

Correspondence tcClaire Delon (claire.delon@aero.obs-mip.fr)

Abstract. Three different models (STEP-GENDEC-NOflux, Zhabg@ and Surfatm) are used to simulate NO,,Gibd
NH; fluxes at the daily scale during two years (20023 in a semi-arid grazed ecosystem at Dahra @BO2N,
15°25'56"W, Senegal, Sahel). Model results are uaatl against experimental results acquired duthrge field
campaigns. At the end of the dry season, when itlse rhins rewet the dry soils, the model STEP-GEIBENOflux
simulate the sudden mineralization of buried litteading to pulses in soil respiration and NO &sxThe contribution of
wet season fluxes of NO and € the annual mean is respectively 51% and 57%, fNiides are simulated by two models:
Surfatm and Zhang2010. During the wet season,uanidiity and soil moisture increase, leading toamsition between low
soil NHz emissions (which dominate during the dry montlisjarge NH deposition on vegetation during wet months,
Results show a great impact of the soil emissioteni@l, a difference in the deposition processeshe soil and the
vegetation between the two models with howevewnaechgreement 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 miawge is highlighted, whereas the role of soil penature is less obvious.
The simultaneous increase of NO and,@issions and N{ideposition at the beginning of the wet seasoittiated to
the availability of mineral nitrogen in the soilchalso to microbial processes which distributertiles between respiration
(CO; emissions), nitrification (NO emissions), volatdition and deposition (Nfemission/deposition). This objective of this
study is to understand the origin of carbon antbgén compounds exchanges between the soil aratrih@sphere, 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 between $adara desert in the
north and the more humid Sudanese savanna in tith.so semi-arid zones, the exchanges of tracesgase strongly
influenced by hydrologic pulses defined as temporacreases in water inputs (Harms et al., 2012the West African
Sahel (between 12°N:18°N, 15°W:10°E), soil wateaikbility strongly affects microbial and biogeodhieal 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., 203&r A long dry period (8 to 10 months in the Sphak first rainfall events
of the wet season cause strong pulse of, 880, NO and NH to the atmosphere (Jaeglé et al., 2004; Mc C&llSparks,
2008; Delon et al., 2015; Shen et al., 2016, Tawess 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 impacteansystem
functions, such as changes in species biodive(Bitpbink et al., 2010). The Sahel is still a progecregion 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 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 #ielSregion at the beginning of the wet season h&en shown to
strongly influence the overlying NQropospheric column (Jaegle et al., 2004, Hudntaal.e2012, Zérner et al., 2016),
indicating the urgent need of improved understapainthe dynamics of NO pulses from this region.;N¥hissions lead to
the formation of particles in the atmosphere, saclammonium-nitrates (NNOs), which vapour phase dissociation further
produces NH and HNQ (Fowler et al., 2015). The land-atmosphere exchaofgammonia varies in time and space
depending on environmental factors such as climetitables, soil energy balance, soil charactegstind plant phenology
(Flechard et al., 2013). Emissions of these comg@sunvolve changes in atmospheric composition (ezand aerosol
production) and effects on climate through greeskaas 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 (QMhd 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 l@stevosion, leaching and denitrification. NO enussi to the atmosphere
are mainly the result of nitrification processesich is the oxidation of Nii to nitrates (N@) via nitrites NQ" through
microbial processes (Pilegaard et al., 2013; Cqoni®96). In remote areas, where anthropogenic @nsssuch as
industrial or traffic pollution do not happen, MHidirectional exchanges are regulated throughrdévg@rocesses: NHs
emitted by livestock excreta, by soil and littergulated by the availability of NFand NH in the aqueous phase (NHx), 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 decompogBiciesinger et al., 1991, Sutton et al., 2013ditahally NH; can be
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dry and wet deposited on soil and litter (Laouailile 2012; Vet et al., 2014), on leaf cuticlesl atomata, and regulated by
chemical interactions within the canopy air spdasupet et al., 2012). The N cycle is closely linkedthe C cycle, and it
has been suggested that C-N interactions may tegMaavailability in the soil (Perroni-Ventura dt,2010). The link
between N and C cycles in the soil, and their ¢ffecOM decomposition, affect the emissions of @ Binrcompounds to the
atmosphere. These cycles are interlinked by resmirand decomposition processes in the soil, hedoalance between C
and N is controlled by biological activity, maindyiven by water availability in drylands (Delgadadgierizo 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 applied\feompound emissions mostly in temperate regi@sterbach-
Bahl et al., 2001, Butterbach-Bahl et al., 2009)ere the spatial and temporal resolution of dataai characterized.
Global approaches have also been developed, withliied description of processes and with coansatial resolution
(Yienger & Levy, 1995; Potter et al., 1996; Yanatt 2005; Hudman et al., 2012). Considering thekvamount of
experimental data in semi-arid regions about tgeeexchanges and their driving parameters, onergiional modelling is
a complementary, essential and alternative waytuadying the annual cycle dynamics and the undeglynocesses of
emission and deposition. The specificity of the isarid climate needs to be precisely addressetienntodels used to be
able to correctly represent the pulses of emissénts the strong changes in C and N dynamics atréimsition 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 fmeused on: 1) investigating the links between N @ncycles in the soil
and consecutive daily exchanges of NO,;Nkhd CQ between the soil and the atmosphere, at the arsuzé and
specifically at the transition between seasonsgdiparing 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 urs the study. As a study site, representatiih®femi-arid region of
the Western Sahel, we selected the Dahra fieddi@iiated in the Ferlo region of Senegal (Tagess$ah, 2015b). The one
dimensional models were applied for the years 20422013 to simulate the land-atmosphere exchdugesfof CQ, NO
and NH. Model results were compared to flux measuremesiiected during three field campaigns in Dahrduty 2012
(7 days), July 2013 (8 days) and November 201316}3), 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 Zootechnidti®z)), in the
Sahelian region of Ferlo, Senegal (15°24'10"N, 5%5&'W). The Dahra field site is located within tBRZ managed by the

Institut Sénégalais de Recherche Agronomique (ISHA)s site is a semi-arid savanna used as a gnazegeland. The
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Sahel is under the influence of the West Africannilmon (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 ralhfvas 515mm in 2012 and 356mm in 2013 with arraye of 416mm
for the period 1951-2013. The annual mean air teatpe at 2m height was 28.4°C in 2012 and 28.7°2013, with an
average of 29°C for the period 1951-2003. The rabshdant tree species @alanites aegyptiacandAcacia tortilis and
the herbaceous vegetation is dominated by annuabi@dses (e.gDactyloctenium aegyptiumAristida adscensionjs
Cenchrus biflorusandEragrostis tremuli (Tagesson et al., 2015a). Livestock is domin&gdows, sheep, and goats, and
grazing occurs permanently all year-round (Assowtal., 2017). This site was previously described’agesson 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 messbby a meteorological station at the Dahra féid (Tagesson et al.,
2015b). The hydro-meteorological variables usethis study were rainfall (mm), air temperature (°@Jative air humidity
(%), wind speed (m™, air pressure (hPa) at 2m height, soil tempeeaft€), soil moisture (%) at 0.05 m, 0.10 m and0.3
m depth, and net radiation (W?n Data were sampled every 30 s and stored as fh5awgrages (sum for rainfall). Data
have then been 3h and daily averaged for the parpikhis study.

Land-atmosphere exchange of sensible and latehtwera measured for the years 2012 and 2013 withddy covariance
system consisting of an open-path infrared gasyaerl(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 2fatéz The post processing was done with the Eddy¢f2.1 software
(LI-COR Biosciences, 2012) and statistics were udated 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 Nkind other compounds such as NBNO;, O; and SQ were measured using passive
samplers on a monthly basis, in accordance withtathodology used within the INDAAF (Internatiomdétwork to study
Deposition and Atmospheric chemistry in AFrica)gmam (https://indaaf.obs-mip.fr) driven by the Ledtoire d'Aerologie
(LA) in Toulouse. While not being actually parttbe INDAAF network, the Dahra site was equippechwiite same passive
sampler devices and analyses of these samplerspedmrmed following the INDAAF protocol at LA.

Passive samplers were mounted under a stainlesishsieler to avoid direct impact from wind transpand splashing from
precipitation. The holder was attached at a hegjlgbout 1.5m above ground. All the samplers weggosed in pairs in

order to ensure the reproducibility of results. Haeplers were prepared at LA in Toulouse, instadled collected after
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one month exposure by a local investigator, and lsack to the LA. Samplers before and after exjpmsitvere stored in a
fridge (4-C) to minimize possible bacterial decompositiorothrer chemical reactions. Samplers were then aedlpy lon
Chromatography (IC) to determine ammonium and taétcancentrations. Validation and quality contrbpassive samplers
according to international standards (World Meté&mgizal Organization report), as well as the sanmplprocedure 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 limialuated from field blanks were estimated respeltiat 14 % and
0.7+0.2 ppb (Adon et al., 2010).

2.2.3 Measurements of NO, NEland CG, (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 tHierent locations
along a 500m transect following a weak dune slope, (middle and bottom) with one location per déagch 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 medseach 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 mntlwid400 mm length x 200 mm height. During the dagpaign, the
chamber was connected to a Thermoscientific 17@/zera whereas in J13 and N13, it was connectedthermoscientific
171 analyzer (ThermoFischer Scientific, MA, USAhd calculation of fluxes is based on an equatidaildel in Delon et al.
(2017), adapted from Davidson et al. (1991). Theaase rate of NO and NHinixing ratios used in the flux calculation
equation was estimated by a linear regressiordfitbedata measured during 180 to 300s for NO (I@08!H5) following

the installation of the chamber on the soil, asaited in Delon et al. (2017). Close to the Tefldmmber, soil C®
respiration was measured with a manual closed dynatmamber (SRC-1 from PP-systems, 150 mm heigh®& mm
diameter) coupled to a non-dispersive infrared,/8igD analyzer EGM-4 (PP-Systems, Hitchin, HertfordshloK). Soil
CQO, respiration was measured within 30 cm to the looadf the NO and NElfluxes. Measurements were performed on
bare soil to ensure only root and microbe resginatResults of NO, NiHand CQ fluxes are presented as daily means with
daily standard deviations. Along with flux measuesnts, soil physical parameters were measured dtlrengampaigns: soil
pH ranges from 5.77 to 7.43, sand content rangeseea 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-N@lux
2.3.1 The STEP-GENDEC model

STEP model is presented in Appendix A, with forcirggiables detailed in Tab. Al, site parametersl is¢he initialization
in Tab. A2, numerical values of parameters usethéequations in Tab. A3, and equations, variatpasameters 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 aimseginesenting the interactions between litter, decmapmicroorganisms,
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 chrirgmatter fromfaecal

matter from livestock and herbal masses are tremesférom STEP as inputs to GENDEC (Fig. 1).

minimal air temperature, global radiation (provided bycfog data), herbaceous aboveground biomass (pr\igethe
model), initial soil temperature, and soil therndiffusivity. Details of equations are given in Delet al. (2015) and
appendix A (Tables A3 and A4).

Soil moistures are calculated following the tippimgcket approach (Manabe 1969): when the field dapis reached, the
excess water in the first layer (0-2 cm) is tramsi@ to the second layer, between 2 and 30 cm. @thver layers are defined,
between 30-100 cm and 100-300 cm. Equations retatsoil moisture calculation are detailed in ApgienA (table A4)
and in Jarlan et al. (2008). This approach, whiiady simple in its formulation, is especially udefuregions where detailed
description of the environment is not availableuoknown, and where the natural heterogeneity ofstiieprofile is high
due to the presence of diverse matter fragments ascburied litter, dead roots from herbaceous raasstrees, 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 calculatemif the total litter input from faecal and herbass, where faecal matter
is obtained from the number of livestock heads igpat the site (Diawara 2015, Diawara et al., 30I8e quantity of
carbon is 50 % the buried litter mass. The carbwh rditrogen exchanges between pools and all equsatice detailed in
Moorhead & Reynolds (1991) and will not be devetbpere. Carbon dynamics depends on soil temperatoilemoisture
and soil nitrogen (linked to microbial dynamicsheTconcentration of nitrogen in the soil is derifezin the quantity of
carbon using C/N ratios.

Biogenic NO fluxes were calculated using the codpteodel STEP/GENDEC/NOFIlux, as detailed in Delomle{2015).

The NOFlux model uses an Atrtificial Neural Netwakproach to estimate the biogenic NO emission fsmih to the

8
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atmosphere (Delon et aR007, 2015). The NO flux is calculated from and etefs on parameters such as soil surface
temperature and moisture, soil temperature at 3@epth, sand percentage, N input (here given asreemage of the
ammonium content in the soil), wind speed, soil pHe input of N to the soil from the buried littierprovided by STEP,
and the calculation of the ammonium content in $b#é coming out from this N input is provided by BEEC. The
equations used for NO flux calculation are repontedppendix 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 formulatietailed in Appendix C. In brief, in the previowsrsion of the model 2% of
the NH," pool of the soil was used for NO emission caldafatin the current version, the NO emitted to #tmosphere
results from 1% of the N 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 proposeagerbetween 0.5
and 2%. In the present study, the 1% value was exapted to fit experimental values.

Soil respiration is the sum of autotrophic (rootydrand heterotrophic respiration. The autotroptaspiration in STEP is
calculated from growth and maintenance respirat@nsots and shoots (Mougin et al., 1995), follogriequations reported
in table A4 (Appendix A). Autotrophic respiratiorepends on root depth soil moisture and soil tenpexrg2-30cm) and

root biomass, which dynamics is simulated by STERe heterotrophic respiration is calculated in GEXDfrom the

o U

growth and death of soil microbes in the soil dejiegm on the available litter C (given by STEP). kdisial respiratiop in -~ { Mis en forme : Police :Italique
gC d'is calculated as in (Eq. 1).

p=1-9)Ca OB { Mis en forme : Police :Italique
Microbial growth in gC @ isy = ¢ Ca, where is the assimilation efficiency (unitless) a8d s total C available in gC'tl ~{ is en forme : Poiice :Ttalique
i.e., total C losses from four different litter inputsiried litter, litter from trees, faecal mattedadry roots. Microbial deatr;\?\\\l\ { Mis en forme : Police :Italique
is driven by the death of the living microbe maasg the change in water potential during dryingtingtcycles (change \{ Mis en forme : Police :Italique
between -1.5 and -0.01 MPa in the layer 2-30cmps€hcalculations are described in Moorhead & Remn@@991) and Mis en forme : Police :Italique
Delon et al., (2015) and are not reported in datathis study. A schematic view of STEP-GENDEC-NO&s presented in
Fig. 1. Simulated variables and corresponding nreasents used for validation are summarizedtable 1.
24 Modeling Nit fluxes P { Mis en forme : Police :Italique
The net NH flux between the surface and the atmosphere depamthe concentration differengg — Cyns , WhereCys iﬁs{{, { Mis en forme : Police :Italique
the ambient Ni concentration img m?, andyc, is the concentration of the canopy compensatidntgn pg m>. The - { Mis en forme : Police :Italique
canopy compensation point concentration is the sjineric NH concentration in the canopy for which the fluxe$ween o { Mis en forme : Police :Italique
the soil, the stomatal cavities and the air insigecanopy switch from emission to deposition, ioewersa (Farquhar et al. /{ Mis en forme : Police :Italique
1980, Wichink Kruit et al., 2007). The canopy comgation point concentration takes into accountstiomatal and soil ////{Mis en forme : Police :Italique
layers. The soil compensation point concentrafigim ppb has been calculated from 7thfe7e7rrli§sjoppplgﬂ,f(gnjtlfe§§)fa§9// P Mis en forme : POlfce :Italfque
function of soil surface temperatyfgin K according to Wentworth et al., (2014): ) / /{ Mfs en forme : mece :Italfque

s { Mis en forme : Police :Italique
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available in Delon et al., (2017).
Two different models designed to simulate land csfpinere 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 theitgetional exchange of Nl The overall flux Rys (in pg m? sb) is

calculated as:

: Police

:Italique

Police

:Italique

Police

:Italique

Frs= Qep—=Coma)®Na @ -- { Mis en forme
NN { Mis en forme :
\\\{ Mis en forme :

with Vg = 1/R.+Ry+R() ‘\{ Mis en forme

: Police

:Italique

N { i :
. | Misen forme :
.

Police

:Italique, Indice

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S N
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(s m?) andR, (s m") are the aerodynamic and quasi-laminar resistaresgectivelyR. (s m") is the total resistance t,

************************************************* W \{ Mis en forme :

Police

:Italique, Indice

W
W\

deposition resulting from component terms suchtamatal, mesophyll, non-stomatal/external/cuticalad soil resistances |
W\
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(Flechard et al., 2013 and references ther@); (ug m°) is determined at the monthly scale from passamer i {Mis en forme
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measurements. Thg, term (g m®) is calculated following the two-layer Zhang et @010) model, hereafter referred to as\l\\ [ Mis en forme :

Police

:Italique, Indice

Zhang2010. This model gives access to an extefisévature review on compensation point concerdretiand emission. « { Mis en forme :
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VA A . i
potential values classified for 26 different Lansel.Classes (LUC). Compensation point concentratiengalculated in the ' ', \{ Mis en forme : Police
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model and vary with canopy type, nitrogen contant meteorological conditions. This model was aetdiybly Adon et al.
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(2013) for the specificity of semi-arid ecosystesngh as Leaf Area Index (LAI) or type of vegetatiassuming a ground
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emission potential of 400 (unitless), considered &swv end value for non fertilized ecosystems ediog to Massad et al.,
(2010) and based on Delon et al. (2017) experinheesalts, and a stomatal emission potential of (LB0tless) based on
Massad et al. (2010) for grass, and on the studidain et al. (2013) for similar ecosystems as the found in Dahra.
Considering the bidirectional nature of BExchange, emission occurs if the canopy compemsaiint concentration is
superior to the ambient concentration (Nemitz et2001). Emission fluxes are noted as positivetedd®logical forcing
required for the simulation are 3h-averaged wineesp net radiation, pressure, relative humidity,t@nperature at 2m
height, surface temperature at 5cm depth, andalhififhe 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 combinesraargy budget model (following Choudhury and Maifite{1988))

and a pollutant exchange model (following Nemitzakt (2001)), which allows distinction between 8@l and the plant
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exchange processes. As in Zhang2010, the schebasésl on the traditional resistance analogy desgrihe bi-directional
transport of NH governed by a set of resistancgsRR R (Hansen et al., 2017 and references therein)dlrdascribed in
the preceding paragraph. Surfatm includes a difeusesistance term from the topsoil layer to thié surface. Surfatm
represents a comprehensive approach to study aatlexchanges and their link with plant and sailctioning The NH
exchange is directly coupled to the energy budgbich determines the leaf and surface temperattineshumidity 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 s al (2017).

The model is forced every 3h by net radiation, demptemperature (30 cm), air temperature, redatiumidity, wind speed,

rainfall,_and atmospheric Nkl concentration with monthly values from passive gl@ns measurements repeated every 3

according to the methodology developed in Mougialgt(2014). Data from Dahra were measured mordhhng the wet hNS

season and were not published (Mougin, personalmaaritation). Linear interpolation was performedviestn these
monthly estimates, and values for the dry seasae ¥eaind in Adon et al. (2013), for an equivalesins arid ecosystem in

Mali, derived from MODIS (Moderate-Resolution Imaging Spectroradiomete@asurementsThe ground emission

potential has been set to 400 (unitless), andttraatal emission potential has been set to 10Ql¢ss) as in the simulation
based on Zhang2010, except during field campaigiogee where the ground emission potentiat-beewasderived from
experimental values (700 in J12 and J13 and 20001LB). IntTable 2, constant input parameters are listed. Safntleem
were adapted to semi-arid conditions to get theé fitdsetween measured and simulated fluxes, sigecih Table 2.

The main difference between Surfatm and Zhang2910e presence of a SVAT (Surface Vegetation Atrhesp Transfer)
model in Surfatm (Personne et al., 2009), allowiog energy budget consideration and accurate uéistit of surface
temperature and moisture. Simulated variables amtesponding measurements used for validation anenmrized in
Ttable 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 ¢ation coefficient R, i.e. a test for associati@ivbeen 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 i®isidered as non significant. The Im() test was Usedtepwise multiple
regression analysis. The adjusted R-Squared @renalized multiple R-squarec®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 thaniB@ance of the

determination coefficient R These tests are used in the following paragraphto (determine if the models are precise

enough to correctly represent environmental vaeialike soil moisture, soil temperature, latent aadsible heat fluxes at
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3 Results
3.1 Soil moisture, soil temperature and land atmgshere heat fluxes

Soil moisture simulated by STEP in the surface lajfég. 2a) is limited at 11% during the wet seas®his value
corresponds to the field capacity calculated by BTEne soil moisture modelling follows the tippibgcket approach, i.e.
when the field capacity is reached, the excessnigtizansferred to the second layer, between 23ndm. Experimental
values measured at 5 and 10 cm are better repeesbytthe model in this second layer (Fig. 2b)ehinregression gives a
R? of 0.74 (resp. 0.81), a slope of 0.98 (resp. 1d0%) an offset of 0.34 (resp. 0.32) between STdiPmisture in the 0-
2cm (resp. 2-30cm) layer and experimental soil moisat 5 cm. Ris 0.77, slope is 0.93 and offset is 0.84 betw®EEP
soil moisture in the 2-30cm layer and experimestal moisture at 10 cmThe temporal dynamics given by STEP, the
filling of the surface layer, the maximum and minim values are comparable to the data. Howevedryirag of the layers
is sharper in the model than in measurements atrtideof the wet season, leading to an underestmatf the model
compared to measurements until December each year.

As a comparison, linear correlation between STEPesp. STEP LE) and EC H (resp. EC LE) givé®fR0.4 (resp. 0.7),for
both years of simulation (Fig. 3a and 3b). The ificgnt correlation between Surfatm and EC latesattfluxes indicates
that the stomatal, aerodynamic and soil resistaacesorrectly characterized in the model, giviogf@ence in the further
realistic parameterization of NHluxes, despite missing values in intermediatexdh due to the criteria applied by the
postprocessing (see supplementary material of agest al. (2015b)).

Surfatm soil surface temperature is very close &msured soil surface temperature (Fig. 4&0R0, p<0.001 in 2012-
2013). Mean annual values were 35.8°C and 34.28feively for surface Surfatm and measured sodibse temperatures
in 2012, and 32.4°C and 33.8°C in 2013. STEP sarfamperatures (0-2cm layer) presents mean vafu@®.@°C in 2012,
and 32.6°C in 2013. Linear regression between SI-2Bm layer and measured surface temperatures4b)gives 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 ngR sf and 5.7+3.1 ngN fs* for modelled and measured fluxes respectively. In
J13, average NO fluxes are 10.3+3.3 ngRish and 5.1+2.1 ngN ths* for modelled and measured fluxes respectively. In
N13, average NO fluxes are 2.2+0.3 ngN 81 and 4.0+2.2 ngN ihs® for modelled and measured fluxes respectively.

Emission fluxes are noted as positive.
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In Fig. 5, the model represents the daily fluxes2@12 and 2013 and is compared to measuremergsnolel is comprised
within the standard deviation of the measurementilP and N13 but overestimates fluxes in J13.6-igports 9 points of
measured ammonium from Delon et al., (2017), shgwim overestimation of released N during the J13season, and an
underestimation at the end of the wet season (83.N1

Modelled dry and wet season NO fluxes are respelgti2.5+2.5 ngN rif s* and 6.2+4.1 ngN ihs? for both 2012 and
2013, and the simulation gives a mean flux of 3.8#®N m? s for the entire study period. Wet season fluxesasgnt
51% of the annual mean, even though lasting onlg 8 months. Simulated NO fluxes are significartttyrelated with
measured soil moisture at 5 cm deptfi=R42, p<0.001, slope=0.65, offset=0.69) and 10dempth (R=0.43, p<0.001,
slope=0.72, offset=0.33) for both years, but noeatly 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 beenrshevimportant drivers of NO emissions in severatious 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 equatiativéd from an Atrtificial Neural Network (ANN) algithm, trained
with data from temperate and tropical ecosysteaidng into account these 4 parameters, togethérsaitd percentage, soil

pH and N input.

3.3 Soil CQ respiration

Soil respiration includes soil heterotrophic reafyn, which refers to the decomposition of deatl@ganic matter (SOM)
by soil microbes, and root respiration, includifigrespiratory processes occurring in the rhizosph{&u et al., 2016). The

simulated respiration of aboveground biomass ismutided as in measured data.

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 fnd™. The two data sets are not correlated. Novembees 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 J13aoar to underestimate
measured fluxes in N13 (Fig. 7). The simulated @maphic respiration (roots + aboveground biomass3hiown, 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 restn before and after
the growth of the vegetation, i.e. at the beginrand end of the wet season in 2012, or during pitagion dry spells (e.qg.
in J13). At the end of the wet season, the lat&kp@h 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 dogshelp to better fite-the measured respiration in N13.
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Average dry and wet season simulated soil respitadire respectively 0.3+0.7 gC?mu* and 1.0+0.4 gC ihd?, while
annual mean is 0.5+0.7 gC™. This annual mean is below global estimates fassiand (2.2 gC Hd?) and deserts
partially vegetated (1.0 gC ™nd?, 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 rdstsignificantly correlated with measured soil store at 5 cm depth
with R*=0.50, p<0.001, slope=0.17, offset=0.26, and 10depth with B=0.5, p<0.001, slope=0.19, offset=-0.37 for both
years, whereas soil field measured respiration sadewer correlation with surface soil moisturetwi?=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: f8um (Personne et al., 2009), and Zhang2010 (Fth®) same
ambient concentrations deduced from in situ measemés are prescribed in both models. Average flaxesreported in
Tabe: 2. In J12, simulated fluxes are not significanttyrrelated with measured data. In J13, Surfatmraedsurements
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 fluxesign#icantly correlated (0.5, p=0.01, slope=1.5, offset=-3.8).
Fig. 9 shows alternative changes between low Bidission and low deposition. This switch occursrduthe dry seasons
(from mid October to end of June). Indeed, montlgraged compensation point and ambient concesiratlues are
quite similar during the dry seasons. Compensatmint concentration averaged during the 2012 ariB 20y seasons is
3.8+1.5ppb, and averaged ambient concentration3is14bppb for the same period. If the 2012 and 2@vB3seasons are
considered separately, the values of the meansimah®same. Low deposition dominates when air kitgnis sufficiently
high, roughly above 25% (before and after the vestsen), whereas low emission dominates when airidityms 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 i aal Niger. NH fluxes ranged between -3.2 and 0.9 ngRish during
the dry season and between -14.6 and -6.0 ngi$ hduring the wet season.

Fig. 10 shows the partition between the differemitdbutions of soil and vegetation to the Nfiuxes in Surfatm and
Zhang2010. During the wet season, the contributidnegetation and soil in Surfatm (Zhang2010)-8:8+3.7 ngN nf s*
(-0.8+0.36 ngN nif s) and 2.0+1.9 ngN i s? (-7.3+3.0 ngN r1if 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? 81 respectively in Surfatm, -
0.4+0.5 and -0.5+2.3 ngN s’ 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 -2.6+0.8 ngNPrsi* in Zhang2010.

In Fig. 10a, the total net flux above the canopsirfatm results from an emission flux from the swoid a deposition flux
onto the vegetation via stomata and cuticles, éslbeduring 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 thegetation. This is
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explained by a strong contribution of depositionaoricles in Surfatm (Fig. 10c) whereas it is cléseero in Zhang2010
(Fig. 10d). In Surfatm, emission from stomata ajsours but it is largely offset by the depositiam leaf surfaces which
leads to a deposition flux onto vegetation (Suttbal., 1995). In Surfatm, the deposition on casdk effective until the end
of the wet season, whereas deposition through stofaats until the vegetation is completely drg, iapproximately 2

months after the end of the wet season. On thes lmdsihe different averages for each contributilex in table 4, we

estimate that the soil is a net source of;Nidring the wet season, while the vegetation istssmk in Surfatm, and the soil _ - { Mis en forme : Indice

is a net sink in Zhang2010.

4. Discussion

4.1 NH; exchanges

4.1.1 Relevance of monthly Nklconcentration inputys daily NH3 flux outputs - { Mis en forme : Police :Italique

In the two models, (43 used as input data arises from passive samplesureraents, integrated at the monthly scale (see
section 2.2.2). Outputs fluxes are provided at difBlescale, averaged at the daily scale for th@gre 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 measureg bidhcentrations 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 liamgling. In the case of passive sampling conceatraheasurements,
meteorological and area sources of uncertainty stéinbe 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 samgplmethods 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 soumdelpgémission to the atmosphere is the volatilizatiblivestock excreta
(Delon et al., 2012); the excreta quantity and ipi&@ at a maximum at the end of the wet seasidiergaux et al., 1998,
Hiernaux and Turner 2002, Schlecht and Hiernaux2dfecause animals are better fed. In Augustioagtieaching of the
atmosphere occurs which decreases thg &thhospheric concentration (not shown here), coaethéw July concentration,
and the deposition flux decreases as well. Indéettie concentration decreases from July to Auguséreas the canopy

compensation point remains stable, the flux wilréase as shown by equation 3.
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~August is the month with the maximum ammonium wepakition, which leads to a strong leaching ofatmeosphere, and
explains the decrease of the Nedbncentration (Laouali et al., 2012).

4.1.3 Role of soil moisture and soil temperature oNH; fluxes:

A significant correlation is found between Zhang@0iixes and measured soil moisture at 5 cm deptheQF8, p<0.01,
slope=-1.2, offset=2.1) for 2012-2013. Surfatm #sxand measured soil moisture at 5 cm depth ace simificantly
correlated with B=0.3, p<0.01, slope=-0.7, offset=1.7 for 2012-204r%] this correlation is higher if only the dry sea is
considered (0.7 and 0.5 respectively). A weak lgnificant correlation is found between Surfatmx#s and soil surface
temperature (0.2, p<0.001, slope=0.14, offset=33.9) for both semsons, whereas it is not found with Zhang20b@&s$.
An explanation may be that the Hiéxchange in Surfatm is directly coupled with theergy balance via the surface
temperature (Personne et al., 2009). A stepwisdiptalllinear regression analysis was performed betwZhang2010
fluxes and NH ambient concentrations, air humidity, wind spesdl| surface temperature and moisture, for bothrsyea
simulation. The model selection was done by ad@ach variable step by step, i.e. the best combimatias chosen with
the best associated significanf B-value < 0.05). The resulting model gives 2 dR 0.9 (p<0.001), showing a large
interdependence of the above cited parameters og fides whereas the correlation between ;NHixes and each
individual parameter is not significant. While tieolated soil temperature effect is not demonstrateese complex
interactions between influencing parameters sugiestthe contribution of soil temperature to Nttixes, together with
other environmental parameters, becomes relevant.

As for Zhang2010 fluxes, a stepwise multiple lineegression analysis is run between Surfatm; Klkixes 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 Surfamm lighlighted. These interactions become more texnwith the

energy balance effect, but may be more accuratepiresenting the partition between surface and glamtributions.

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

In Surfatm, during the wet season, deposition envtgetation through stomata and cuticles domithet@xchange. Indeed,
during rain events, the cuticular resistance besosmeall and cuticular deposition dominates desgiténcrease of soil
surface, and a decrease of the canopy compengatint) sensitive to the surface wetness (WichinkiKet al., 2007). In
Zhang2010, despite the difference in magnitudeicelatr deposition increases as well during the aeason, but is
dominated by deposition on the soil.

During the dry season, aboveground herbaceousidnydss stands for a few months after the end ofvfteseason when
the soil becomes bare, and the vegetation effegligiigle in both models. At the end of wet seas@1® the soil
contribution to the total flux increases signifitlgnin Surfatm due to the increase of the groundseion potential

prescribed at 2000 (instead of 400 for the reshefyear, to be consistent with measurements riotBélon et al., (2017)).
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P { Mis en forme : Police :Italique

The two models are based on the same two layer Inapgeoach developed in Nemitz et al. (2001). i tiho models, the
ground emission potential and the Naimbient concentrations are prescribed. The comgamnf modelled and measured
flux values in Fig. 9 shows differences especidlyresults predicted by Zhang2010. This is pdotgause in Surfatm the
ground emission potential varies with time and wpecifically modified for the field campaign perpdwhereas this
parameter does not vary in Zhang2010. The lacladgility of the ground emission potential in Zig@010 highlights the
sensitivity of fluxes to this specific parameter id modelling in semi arid soils. The abrupt titioas between seasons
need a certain flexibility of the ground emissiargntial to represent the changes in flux direction

In Surfatm, the temperatures (above and in the so@ calculated through the sensible heat flur, hlumidity and
evaporation at the soil surface are calculatedutiinche latent heat flux. The resistances needethéocompensation point
concentration and for the flux calculation are d=tlifrom the energy budget. This allows taking $iameously into
account the role of temperature and humidity ofgbié In Zhang2010, the RR,, R. resistances are calculated directly from
the meteorological forcing, and the soil resistasqgarescribed. Again, the flexibility of this gemeter is more adapted than
fixed values for 1D modeling, and this may leaccompletely different repartitions of the fluxes ween the soil and the
vegetation, as shown in Fig. 10. This differencéum repartition highlights the importance of tbieoice in the type of sail
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 anglemizes 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 stronglyegw soil respiration through metabolism of plard microbes (Lloyd
and Taylor, 1994; Reichstein et al., 2005; Tagessuh Lindroth, 2007). However, in our results warfd no significant
correlation between soil surface temperature aacetrgas fluxes. This confirms that in the semi-amighical savannas,
physiological activity is not limited by temperatufArchibald et a] 2009; Hanan et al., 2011; Hanan et al., 1998; §sme

et al., 2016a; Tagesson et al., 2015a). Insteddnsisture variability overrides temperature effeas also underlined by Jia
et al (2006). Indeed, for low soil moisture conditiosight changes in soil moisture may have a prinardffect, while
temperature effect on microbial activities is nbservable (Liu et al., 2009). This may explain veoyl temperature and
NO, CQ, and NH fluxes are not correlated at the annual scale {gated 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), soilpenature effect
becomes visible, elevated temperatures may increasmbial activity, and changes in soil temperatumay have an

influence on N turnover and N exchanges with tiheoaphere (Bai et al., 2013).
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The over or underestimations of NO emissions innieelel in Fig. 5 may be explained by the ammoniemient shown in
Fig. 6. Released N is overestimated during thewdé3season, and underestimated at the end of theaason (as N13),
when the presence of standing straw may lead tonNsgons in addition to soil emissions, not accedrfor in the model
because litter is not yet buried. The slight undimeation of modelled soil moisture (Fig. 2) at #wed of the wet season
may also explain why modelled fluxes of NO (Fig.a)d CQ (Fig. 7) are lower than measured fluxes. Furtheenthe
model over-predicts the death rate of microbes assequently underestimates the,@€spired, whereas microbes and
residues of roots respiration persist in the figddpite low soil moisture. The large spatial hejengity in measurements
may be explained by variations in soil pH and textwand by the presence of livestock and the dleam history of the
Dahra site, i.e. how livestock have trampled, gilaaad deposited manure during the different seaaadsat different
places. This spatial variation is evidently notresgnted in the 1D model, where unique soil pH soitlitexture are given,

as well as a unique input of organic fertilizatlmnlivestock excreta.

During the dry season, substrates become lessahiaifor microorganisms, and their diffusion iseafed by low soil
moisture conditions (Xu et al., 2016). The microlziativity 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/dryditions at a Sahelian site. It is therefore likiigt the transition from
activity to dormancy or death at the end of the sesison is too abrupt in the STEP-GENDEC-NOFlux ehddading to
smaller NO and C9fluxes than the still rather large measured fluxagthermore, the two first layers of the soiltire
model dry up more sharply than what measuremeniate, and the lower modelled soil moisture hasetiact on
modelled fluxes.

During the wet season, and just before and atterjihk between soil or leaf wetness related tchaimidity and NH dry
deposition is straightforward, as Ni$ highly soluble in water. Water droplets, anih tivater films formed by deliquescent
particles on leaf surfaces increasejNiy 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

With wet season NO fluxes being more than twicéhbighan dry season fluxes, results emphasizentheence of pulse
emissions in that season This increase at the afseéte wet season over the Sahel, due to theidresange in soil
moisture, has been previously highlighted by st&¢etheasurements of the Bl@olumn, by Vinken et al. (2014), Hudman et
al. (2012), Jaegle et al. (2004) and Zorner e(24116). After the pulses of NO at the beginninghef wet season (Fig. 5),
emissions decrease most likely because the avaisil mineral N is used by plants during the grigwhase of roots and
green biomass, especially in 2013, and is lesdadlaifor the production of NO to be released ® atmosphere (Homyak
et al., 2014, Meixner & Fen2004, Krul et al., 1982). During the wet season, &iissions to the atmosphere in the model
are reduced by 18% due to plant uptake (compar&iDi@missions when plant uptake is not taken iotmant). Indeed, N

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

Larger CQ and NO fluxes were seen at the beginning of thesgason (Fig. 5 and 7), compared to the core eftht
season and to the dry season. This can be explain¢ide rapid response of the soil decomposerkddricrease in soil
moisture leading to a rapid decomposition of theerdiburied during the preceding dry season andpédrincrease in
ammonium as shown in Fig. 6. A pool of enzymes iam the soil during the dry season and ensueesrdposition with
the first rains even when microorganism populati®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 ralizad. Indeed, the Nfidynamics controls nitrification and volatilization
processes (Schlesinger and Peterjohn, 1991; MgCalieal., 2011). The N pool may be depleted via nitrification,
involving NO emissions, and in parallel volatilizeidvolving concomitant Nkl 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 activityeduced to its lower limit, the N retention medsamin microbial biomass
does not work anymore, N retention is linked to thieeralization of organic C caused by heterotrophicrobial activity
and allows N to be available for plants, and mihBranay accumulate in the soil during this timerg@gi-Ventura et al.,
2010, Austin et al., 2004). Therefore, N loss stauither occur via NEvolatilization during that period, nor via NO
emission. Furthermore, the very low soil moistural 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 abi@titors, including amount of soil organic C, N gtignand availability,
soil oxygen content, soil texture, soil pH, soiknobial communities, hydro-meteorological condispamount of above and
below ground biomass, species composition andused Xu et al., 2016, Pilegaard et al., 2013, GHei., 2013).

At the end of the wet season, the increase of¢hescent aboveground biomass increases the quahlitier which leads
to an input of new organic matter to the soil ameréfore a new pool of mineral N available for gieduction of NO and
NH; to be released to the atmosphere, at a time wieteceous 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\#issions are suspected
to come from the litter itself, as shown in temper@rests by Gritsch et al. (2016), where NO dimissions increase with
increasing moisture.

In the STEP-GENDEC-NOFlux model respiration and & fluxes were significantly correlated 0.6, p<0.001,
slope=0.2, offset=-0.2), but not directly in theaserements, due to the spatial variability of tie Fhe microbial activity
is not efficient enough in the model when the sodisture is low, whereas in measurements, as forfhNxes, this
microbial activity seems to remain at a residuskldeading to a release of both NO and,G®the atmospher@elon et
al., 2017). A lagged relationship may somehow Ispldyed in measurements if measured NO fluxes hifeed by 1 day
(i.e. CG 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 iseabjsi model predictions, ther?£0.6, p<0.001, slope=3.3,
offset=2.0, showing that soil respiration and figdtion processes (causing NO release) are cldggdgd by microbial

processes through soil microorganisms that triggémrespiration and decomposition of soil orgamiatter (Xu et al., 2008,
Ford et al., 2007). This one day lag however haket@onsidered as an open question. The exactuiadioh should be

studied more thoroughly, but highlights anyway ¢hese relationship between processes of nitrificatind respiration.

5 Conclusions

This study has shown that NHNO and CQ@ exchanges between the soil and the atmospherdriaven by the same
microbial processes in the soil, presupposing thaisture is sufficient to engage them, and takimg account 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 ratesil@inced when
water content of the exchange zone, where micrgs@tesses occur, becomes more important. Theofadeil moisture
involved in N and C cycles is remarkable and obsiguinitiating microbial and physiological process On the contrary,
the role of soil temperature is not as obvious beeaits amplitude of variation is weak comparedséd moisture.
Temperature effects are strongly alleviated whehrsoisture 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 influetddey soil temperature
variations, overridden by soil moisture variatidriree seasonal and annual scale ;MHirectional fluxes, simulated by two
different models, have shown a high sensitivityhte ground emission potential. The possibility dfuating this parameter

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

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. Tdwntrasted
ecosystem conditions due to drastic changes innaagglability have important non linear impactstbe biogeochemical N
cycle and ecosystem respiration. This affects gpim&isc chemistry and climate, indicating a stroolg of coupled surface
processes within the earth system. If changes @tipitation regimes occur due to climate change, réduction of
precipitation regimes may affect regions not coaed as semi arid until now, and drive them to samd climates
involving exchange processes such as those dedciibthis study. Additionally, an increase in demaghic pressure
leading to increases in livestock density and ckang land uses will cause changes in soil physiedlchemical properties,
vegetation type and management, important factibestang N and C exchanges between natural teraégicosystems and

the atmosphere.
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Appendix A: Details on STEP formulations

Variable Symbol Unit Source

Rainfall P mm Dahra meteorological station
Maximum air temperature Tamax T8min °C Dahra meteorological station
Minimum air temperature

Incident Global Radiation| Ry, | MJ mi® | 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 statigsed 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 N ] - 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 % 79/7.917.41/5;5| Delonetal 2017

pH value of layer i pH - 6.4/6.4/6.4/6.4| Delon etal. 2017
Initial water content of layer i Shym mm 0.4/8/10/38 Field measurement
Initial soil temperature of layerif Ts °C 23.5/23.9/ 28/ 30Field measurement
Run-off(on) coefficient C_Ruiss - 0 Endorehic site

Soil albedo W - 0.45 Station scale, satellite
Initial dry mass BMsg lgm? (10 [ Delon et al., 2015 |
Initial litter mass BMg gm? [30 [ Delon et al., 2015 |
C3/C4 herb proportion C3C4 % 43/67 Field measurgme
Dicotyledon. contribution Dicot % 43 Field measuesn

Root mass proportion of layer Root % 75/20/5 Mougin et al. (1995)
(layers 2 to 4)

Initial soil Carbon content Cs gCm |50 Unpublished data

Initial soil N content Ns gNm |3 Unpublished data

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

Vegetation albedo w, - 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 g,.« gDM MJT [414-8] Scaling parameter

Initial aboveground green mass BMg lgm?  ]0.8[01,3] | 'Scaling parameter

Specific Plant Area at emergencBLAg, | m’g’ | 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 | mgs ) 0.015 Breman & de Ridder

cost 1991

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

cost 1991

Shoot growth conversion Ye ) 0.75 McCree, 1970

efficiency

Root growth conversion Yor ) 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 dt 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 | s dm? 100 Korner et al, 1979
Parameters of the canopy height a, b, c “) -@ORa, Mougin et al., 1995
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curve 0.0055, 0.047
Infiltration time constant K cm d? 1200/ 120/ 120/ 80 | Casenave & Valenti

1989
Parameters of the soil water | &, b ) 4140, 805 Camillo& Gurney,
resistance equation 1986
Parameters of the soil a -) 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 ) 0.5[0,1] Mougin &it, 1995

Table A3: model parameters used to run STEP-GENDEEux model.
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Equations Parameters, Variables, constants Unit Source
Soil Temperature
TSnax = Tamax+ (Er + 0.35Tana)XEb TSnax(min=Max(min) soil temperature °C Parton et al., 1984
TSnin = Témin + 0.0088Mg -1.82 Tamaxmin=max(min) air temperature °C
r=24.07(1-exp(-0.00008%,) Rj=global radiation ~ |km* | - { Mis en forme : Indice
Eb = exp(-0.004BMg) - 0.13 BMg=Above ground green mass gDM m? o { Mis en forme : Indice
Carbon budget
Vcft=1 — exp(-k LAI) Vcft=Total vegetation cover fraction m’ m? Mougin et al., 2014
LAl=Leaf Area Index m? m?
k.= Canopy Extinction coefficient for )
green vegetation (Tab. A3)
VcfgeVeft(LAIg/LAIL Vcfg=green vegetation cover fraction | m?m? Mougin et al., 2014
VefdeVef(LAId/LAL Vcfd=dry vegetation cover fraction m® m*?
LAlg = SLAg BMg LAlg=green LAl m? m? Mougin et al., 1995
LAld = SLAd*BMd LAld=dry LAI m? m2
LAI = LAlg +LAld LAl=total LAl m? m*
BMd=above ground dry mass m? m2
FLAQFSLAQQXPQ'@L,AJ) ,,,,,,,,,,, SLAg-specific green leafarea ~ |m?kg®  [Mouginetal, 1995 | - { Mis en forme : Indice
SLAd=specific plant area for dry mass?kg™
(TabA3)
ks a=Constant slope (Tab A3) )
| SLAgscaling parameter (TabA3) ~ |m*kg* | ~ - { Mis en forme : Indice
t=time s
Water budget
ifP<51=P; P=Precipitation mm d* Hiernaux, 1984
if P>5 | =P + C_Ruiss(P-10) I=Infiltration mm d*
C_Ruiss=runoff coefficient )
dwy/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;, —E —Tr; - D; E;=Evaporation in layer i mm d*
D;=Drainage in layer i mm d*
Tr=Transpiration in layer i mm d*
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it W> FC D; = (Di.. — FG)/AK;

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

mm d?

Ak;=time constant dl
with Ak; = e/ K; e=layer depth (Tab. A3) cm
K=Infiltration time constant (Tab. A3) |cm d*
Psi= 8 W P, =Soil water potential in layer i MPa
W,=Water content in layer i
a=retention curve parameter
bi=retention curve parameter
W, = 0.332- 7.251x16(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=VcfdsA+tpCpDir /M (sHy(1+ dTa9) Tr=Transpiration mm d*
Tr=VcfgsAtpCpD/rd/(M(sty(1+rsfra)) | D=water vapor deficit, deduced from e | Bar
s=4098¢/(237+Ta)? es=vapor pressure at saturation Bar
Fss= &(Wear—Wy) — by s= saturating vapor slope Bar K*
Wsat=0.332-7.251x1tBand+ A= Available energy (Rn — G) MJ d*
0.1276log(Clay) Cp=specific heat air capacity (Tab. A3)| MJ kg* C*
r.<=S0il aerodynamic resistance dm?
r<< Soil surface resistance dm?
r.—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) )
bs=parameter (Tab. A3) )
Ws.=soil water content at saturation mm d?
W,=soil water content of layer 1 mm d*
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r's=rs mirl L+/W12)") rs&= canopy stomatal resistance dm Rambal and Cornet, 198
rs m=minimum stomatal resistance dm?
Y= Leaf water potential for 50% MPa
stomatal closure
w=leaf water potential MPa
n=shape factor (Tab. 3) )
h. = 8BMd’ + bBMg + ¢ h=Canopy height m Mougin et al, 1995
a,b,c=parameters (Tab. A3)
Growth model (shoots and roots)
dBMg/dt=a;a_factorPSNa,BMg a_factor=allocation factor ) Mougin et al. (1995)
dBMr/dt=u3(1-a_facto)PSNra,BMr BMr=root mass gDM m?
,=0.75(1-€9/ag, a,=€, PSN- photosynthesis gDM m?
05=0.8(1-6"Y/ad, 0,= emm=maximun  conversion  efficiengygdDM MJ*
ag=0.01125x59102) (Tab. A3)
ad=0.0008x551402) Tmax=optimal temperature for °C
SN=0.46@y % XH(¥)Xf(Temax |1 photosynthesis (Tab.A3) | |
BMr/BMg=1.2/(2+0.0BMg) Ta=air temperature °C
f(T) = 1-0.0389(TmaxFa) Tsi=soil temperature layer 1 °C
() = rs min/ Tsc
£=0.187log(1+9.80BAlQ)
Respiration (shoots and roots)
Rm=m, YG BMg Rn¥shoot respiration gDM m? | Mc Cree (1970)
M= Mes (2.0%*(TJ/10 - 2)) my=shoot maintenance )
m.s= Shoot maintenance respiration cost (-)
(Tab. A3)
YG= Shoot growth conversion efficiency (-)
(Tab. A3)
Ts=soil surface temperature °C
R=@yo@sy Rj=shootgrowth | gDMm?® | Thornley &  Cannel
(2000)
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Rmr=m YGr BMr
m = m, (2.0*%(T910 - 2))

Ro= (YGO[LaPSN_
Senescence
BMd = sBMg
BMrd=sBMr

Rmr=root respiration

YGr= Root growth conversion efficienc
(Tab. A3)

my=root maintenance

me= Root maintenance respiration cost|
(Tab. A3)

Ry=rootgrowth |
s= Green mass senescence rate (Tab.
s=dry mass senescence rate (Tab. A3)

BMrd=dry root mass

g DM m?
O]

Table A4: Equations, variables, parameters andteots used in STEP. Variables are in italics. Dij~Matter.
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Appendix B — Equations used in NOflux for NO flux @lculation from ANN parameterization.

where NOfluxnorm is the normalized NO flux

7

Sl: W0 + z \Nin,norm
i=1
15

82 = W8 + z \Nixj,norm

i=9

23
53 = W16 + Z \Nixj,norm
i=17

[N .
777777777777777777777777777777777777777777777777777777777777777777 N \\\{ Mis en forme :
\

Soil surface temperaturs in °C,surface WFPSn %, deep soil temperaturim °C, fertilization ratein k

Weights w and normalization coefficients ¢ are giue Table B1.

w0 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 wl8 -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 w21 -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

30

- { Mis en forme :

Police :

Italique

h { Mis en forme :

Police :

Italique

N

NS { Mis en forme :

Police :

Italique

AN N
W { Mis en forme :
\

Police :

Italique

\
\\{ Mis en forme :

Police :

Italique

{ Mis en forme :

Police :

Italique

o U L

- { Mis en forme :

Police :

Italique

h { Mis en forme :

Police :

Italique

NS
N { Mis en forme :

Police :

Italique

—~ 0~
NS {Misenforme:

Police :

Italique

NS
A { Mis en forme :
N

Police :

Italique

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, SN N
NS {Mlsenforme:
N

A}

Police :

Italique

\
AN -
77777777777777777777777777777777777777777777777 W \\{ Mis en forme :

Police :

Italique

Police :

Italique

W -
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, hon \\{ Mis en forme :
\

Police :

Italique

\ \
\
sand ' |\ {Mis en forme :
and v\

Police :

Italique

[N
P
ﬂ?\ W

{ Mis en forme :

Police :

Italique

W
\W\ W
LAY

Mis en forme :

Police :

Italique

\

Mis en forme :

Police :

Italique

\\

\

Mis en forme :

Police :

Italique

W\
\

\
W\

Mis en forme :

Police :

Italique

W

\

Police :

Italique

\

W\
\

\

Mis en forme :

Police :

Italique

i
o
W
pit
il

Mis en forme :

Police :

Italique

\
\

\
\

Police :

Italique

\
W

\
\
\
\

|

\

\

Mis en forme :

Police :

Italique

\
W\

Mis en forme :

Police :

Italique

Mis en forme :

(
[
{ Mis en forme :
(

Police :

Italique

Mis en forme :

(
(
(
{ Mis en forme :
(
(
(
(

Police :

Italique

o U 0 0 0 A U 0 U U U U U U U L U L




10

15

20

wll -0.943 w25 -1.239 C12 3.158

wl2 -0.862 w26 -1.413 C13 -1.183

w13 -2.680 w27 -1.206 Ci4 0.614
C15 3.403
C16 9.205

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

Appendix C

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

The N uptake by plants (absorption of mineral Nptant 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 absorptioredual to the daily
transpiration which depends on climatic conditiqiggobal 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). Transpinatsocalculated with the Penman-Monteith equatidioriteith, 1965), in
which the stomatal resistance depends on the pigaic potential, itself depending on the soil ntois and climatic
conditions. For equivalent climatic conditions, rg doil involves a high potential, a closure ofrstdas and a reduction of
the transpiration. On the contrary, a humid soibilwes a low potential, open stomatas and a lai@gspiration. 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

Model (resolution)

Simulated and measured var@l

(units)

blelethods used for measured variables (resolu

and reference)

Surfatm (3h)

NH bidirectional fluxes

(ngN m? s?)

Closed dynamic chamber (15 — 20 fluxes a d
Delon et al., 2017)

Soil surface temperature (°C)

2015a)

Campbell 107 prok&min, Tagesson et al.

tion

Sensible and latent heat fluxes

m?)

\WEddy Covariance (15min, Tagesson et al., 20153

Zhang2010 (3h)

NEibidirectional fluxes

(ngN m? s?)

Closed dynamic chamber (15 — 20 fluxes a d
Delon et al., 2017)

STEP (day)

NO biogenic fluxes
(ngN m? s?)

Closed dynamic chamber (15 — 20 fluxes a d
Delon et al., 2017)

CQO; respiration fluxes

(ngN m? s?)

Closed dynamic chamber (15 — 20 fluxes a d
Delon et al., 2017)

Ammonium content (%)

Laboratory analysis (6 sasfslmpaign, Delon g
al., 2017)

Soil temperature at two depths:
2cm and 2-30cm (°C)

OCampbell 107 probe at 2 depths: 5 and 10
(15min, Tagesson et al., 2015a)

Soil moisture at two depths: 0-2¢|
and 2-30cm (%)

MHH2 Delta probe at 2 depths: 5 and 10 cm (15
Tagesson et al., 2015a)

nin,

5 Table 1: Summary of different models used in thelgt with the variables simulated and comparedéasarements. All
simulated and measured variables were daily avdrimyehe purpose of the study.
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Description of parameters in Surfatm Value in 8tisdy (range) | Sources
Time step 3h

Characteristic length of leaves 0.03 m (0.03-0.5) inidum value
Total soil depth 0.92m

Soil density 1500 kg.nt

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(¥D)/kg(soil) Measured
Field capacity 0.14 kg(#®D)/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 specifigafior

semi arid ecosystems

Soil tortuosity

2.5 (2-4)

Estimated specifically rf

semi arid ecosystems

O

Table 2: Input parameters for the Surfatm modehd®a refer to Hansen et;gR017. All measured parameters refer to

Delon et al. (2017).
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Period / NH fluxes | Measurements (ngNTns?) | Surfatm (ngN nit* s%) Zhang2010 (ngN /' s7)

J12 1.3+1.1 2.6x2.6 -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 hayr™)
2013 -2.0+3.7 (-0.6+0.3 kgN Rayr™) | -2.7+3.8 (-0.8+1.2 kgN Rayr™)
Dry season -0.2+1.6 -0.9+2.3

Wet season -4.3+4.8 -8.1+3.2

Table 3: Averaged Niffluxes for measurements, Surfatm and Zhang201CGfatlring 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-m?.s') | (ngN-m?.s?) | (=Fstom + Fcut)| (ngN-m?2.s%) | (ngN-m?.s™)
deviation (ngN-m2-s™h)

Dry seasong -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
Zhan@010

Wet  seasons$ -8.1+3.2 -7.3+3.0 -0.8+0.3 -0.03+0.01 -0.7+0.3
Zhan@010

2012-2013 -3.1+4.2 -2.6+4.0 -0.5+0.4 -0.02+0.01 -0.5+0.4
Zhan@010

Table 4: Contributions of vegetation and soil te tatal NH flux in SurfAtm and Zhang2010, wet season meay séason
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 fromDelon

10 etal., 2015).
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Figure 2 : a) Volumetric soil moisture simulated bySTEP in the first layer (0-2cm) in black and soil misture measured at 5cm in
blue, in %, at daily scale. b) Volumetric soil moiture simulated by STEP in the second layer (2-30cmhiblack, soil moisture
measured at 5¢cm in blue solid line, measured at 1@cin blue dotted line, in %, at daily scale.
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Figure 3: a) Daily modelled latent heat flux in SufAtm vs daily measured latent heat flux, in W m-2;b) Daily modelled sensible
heat flux in SurfAtm vs daily measured sensible headlux, in W m-2. Thick black line is for the linear regression, dashed black line
is the 1:1 line. Available measured EC data are moreumerous for H than for LE due to the criteria applied by the postprocessing
(see supplementary material of Tagesson et al. (2095
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Figure 6: Daily ammonium simulated by STEP-GENDEC (%, tack line) and daily averaged ammonium measuremengred
10 squares) during the field campaigns. Error bars in ed give the standard deviation at the daily scalef measurements. The upper
panel is a focus of J12.
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Figure 10: Figure 10: Daily NH; flux (in ngN m™ s?) partitioned between soil and vegetation. Black lia is for total net flux (Ftot),
grey dashed line is for soil flux (Fsol) and blueithe 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 igor cuticular flux (Fcut) for Surfatm in (c) and f or Zhang2010 in (d).
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