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Abstract. Atmospheric levels of reactive nitrogen have increasdstantiallyduring the last centumesulting in
increasedhitrogen deposition to ecosysteneausindharmful effects such as soil acidification, reduction in plant
biodiversity anceutrophicatiorin lakes andhe ocean Recent developmesin the use of atmospheric remote
sensing enabled us to resolve concentration fields gfvitd larger spatial coverag@&heseobservationsnaybe
usedto improvethe quantification ofNH; depositian. In this paper we usearelatively simple, datarivenmethod

to derive dry deposition fluxes and surface concentrations gfdfHEurope and for the Netherland$e aim of
this paper is taeterminehe applicability and the limitations of this method for NSpaceborn observations of
the Infrared Atmospheric Sounding Interferometer (IASI) and the LOEOBOS atmospheric transport moee
used Theoriginal modelled dry NEldepositionflux from LOTOSEUROS and théux inferred from IASlare
compared to indiateareas with large discrepanciastween the twadn these aregsotential modebr emission
improvements are needékhe largest differenceas derived dry deposition fluxesccur in large parts of Central
Europe, where the satellithserved Nklconcentrationare higher than the modelled ones, and in Switzerland,
northern Italy (Po Valley) and southern Turkey, where the modellegcdit¢entrations are higher than the satellite
observed one® sensitivityanalysisof 8 model input parameters important for ]\ity deposition modelling
showed that the I1ASderived dry NHdeposition fluxes may vary from ~20% up to ~50% throughout Europe
Variations in theNH; dry deposition velocity led to the largest deviations in the 1&&lved dry NHdeposition

flux andshould be focued onin the future A comparison of Nkl surface concentrations with-gitu measurements
of several established networks (EMEP, MAN and LML) showed no significant, or consistent improwethent
IASI-derived NH surface concentrationsmpared to theriginally modelled\NH; surface concentratioriiom
LOTOSEUROS ltis concluded thahelASI-derived NH deposition fluesdonot showstrong improvements
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compared to modelled Ntdeposition fluxesrad there isafutureneed for bettermorerobust,methods to derive

NH; dry deposition fluxes.
1. Introduction

Reactive nitrogen ()}l emissions have substantially increadadng thelast century to around four timdése pre
industriallevels(Erisman et al., 2008;Fowler et al., 20183 aresult,atmospheric deposition of reactive nitrogen to
bothterrestrial and aquateEcosystems IsalsoincreasedDentener et al., 2006 xcessive nitrogen deposition to
sensitive ecosystems can cause harming effects such as soil acidification, reduction in plansibyaatid
eutrophicatiorin water bodes (Erisman et al., 2015PDne moleculeof reactive nitrogemay even contribute to a
number of these environmental impacts through different pathways and chemical transportatibiogphfeze, the
so-called nitrogen ascad€Galloway et al., 2003Ammonia (NH) is oneform of reactive nitrogen antbnstitutes
animportant part of the total amount of &nissionsUp to 50% of global reactive nitrogen emissions consist of
NH; (Reis et al., 20099nd thereford&H; contributessignificantlyto these adverse effects. Atnpb&ric ammonia is

depositedo surfacedy two processes: dgndwet deposition.

Dry deposition may comprise a large part of the total deposHanier modelling studies showed thaity

deposition of NK even constitutes to over 60% of the total deposifizentener et al., 2006ajhemodelled

fraction ofdry depositionhowever ranges hgely depending on the used mod#position models in general are
known to involve large uncertainties regarding the chemihjndNH, formation andhe NH; dry deposition
velocities(Dentener et al., 20068t the same timdarge scale assessmeoiftNH; dry depositioris hindered by
theextremelylimited number of dry deposition observations and their sparse distribution in space and time.
Measurements of Nf-iry deposition fluxes largely remain experimental and are limited to a few research sites and
measurement campaigns of short durations (Edll et al., 2016;Spindler et al., 2001Thesemeasurements

typically are representative for a confined aairda specific ecosystenry deposition has so far been estimated on
a regional scalthrough mainljtwo methodsgeostatistical approaches and atmospheric chemistry models.
Geostatistical approaches include geospatial interpolation of, or generating statistical modeis lexgsting in

situ observations (e.¢erisman and Draaijers, 1995Atmospheric chemistry modelse knownandmodelled

inputs {.a. emissions}o derivedry deposition fluxege.g. (Dentener et al., 2006a;Wichink Kruit et al., 2012;Van

der Swaluw et al., 2017Both methods depend strongly on the quality and availability of reliable input information,
which is often limited or even absent.

Recent development in the use of atmospheric remote sensing to meagdistiiiditions with large spatial
coverage and daily resolutigean Damme et al., 2014ajlow usto examine their development in space and time
in more detail. Information from satellites can be of help to strengthen our understanding ofplex ahain of
processes of atmospheric deposition, emissions, dispersttwnemistry, especially when cghemented with
information from atmospheric chemistry models. Atmospheric chemistry models may for exampl€iteip to
missing information on Nconcentrations close to the Earth’s surface, arising from low sensitivities;of NH

measuringnstrumentsor may for instancesupplement satellite data with information on diurnal cydiesvian et



10

15

20

25

30

35

al. (2014)estimated surfa&concentrations and dry deposition of N&hd SQ by combining satellite observations
of the Ozone Monitoring Instrument (OMI) and the GECI&m modelThe resulting estimates compared
reasonablyvell with in-situ measurements, thus providing a relayiwéinple, datadriven method to estimate
surface concentrations and dry deposition fluxes worédwide scale.More recentlyKharol et al. (20173lerived
NH; dry deposition fluxesver NorthAmericausinga similarmethod withNH; observations of the Crosisack
Infrared Sounder (CrlIS) satellite and the GEMCH model The aim of this paper is to search for the applicability
and the limitations of this method for NHver Europe using spat®rn observations of the Infrared Atmospheric
Sounding Interferometer (IASI) and the LOT@SROS atmospheric transport modEhis paper shows thigrst
use of the IASINH; product for the derivation of NfHIry deposition fluxegogether with alidation of thederived
NHj; surface concenttians with in-situ measurements. The latsarveas a direct proxjor the validity of the
derived NH; dry deposition fluxes. Also, this paper is the first to estimate the effect of modelling errbes on t

satellitederivedNH; dry deposition fluxes by performing a modehsitivitystudy

We start this paper with a description of the used models and datasets and their associatedies\CEniaiis
followed by a description of the methodology that is used to determine theueice concentrations and dry
deposition fluxesHere we als describghedesign ofthe sensitivity study of the LOTO&UROS modelThe

resulting estimates of the Nidurface concentrations and dry deposition fluxes are giles NH; surface
concentrations are comparkedin-situ measurements from the EMEP netwiorEurope In a special case study for
the Netherlands, they are compareahtsitu measurements from the LML and the MAN netvgoNdoreover, a
sensitivity study of the LOTOEUROS model igvaluatedo estimée the effect of model input uncertainties on the

results that are obtained in the same sectionstudy is therconcluded with a discussion.

2. Models and datasets
2.1 1ASI-NH; product

The Infrared Atmospheric Sounding Interferometer (IASI) is a passigetesensing instrument that measures
infrared radiation emitted by the Earth’s surface and atmosphere within the spectral rang2 %54
(Clerbaux et a).2009) The IASFA instrument is on board of the Met@psatellite that was launched in 20&&d
circles in a polar susynchronous orbit. In this studye used NHtotal column measurements from the morning
overpass, as these are mseasitiveto NH; then the nighttime observatiofddan Damme et al., 2015)he
morning overpass passes over Europe once a day in the maroimgl 9:30The NH; product has an elliptical
spatial footprint obpproximatelyl?2 by 12 kilometers and a detection limit of 2.5 ppban Damme et al., 2015)
Theretrievaluses a neural network tieriveNH; columns basedn the calculation of the HRI (Hyperspectral
Rarge Index), e.g. the spectral ind@an Damme et al., 2017)heretrieval algorithncombines informationro
the temperature, humidity and pressure profiba®present the atmospheric state cloféllyitburn et al., 2016)
The retrievalses a fixed profile in time, based on the profiles describ&hbyDamme et al. (2015The IASFENN
retrievals have been validateddammers et al. (201@ndDammers et al. (2017kn these papersheycompared
the IASENN andFTIR total columnsand showed that the tvemmpare reasonably well withsystematic
underestimatioioy the IASENN product of around 30%n this paperthe NH; total columns observeduring the
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warmerseason (April to September) 2013 and 2014re usedThe warm season was chosen becaossiderably
fewer observationareavailable during the cold monthigloreover the observationis the cold months generally
have a higher relative uncertair{ftfan Damme, 2014A filter has been app@d after(Van Damme et al., 2014b)
This filter leavesout observations witarelative eror of <100% unless the sdiute erroiis smallerthan 5x 1¢°

moleculescm?. Figure 1 shows the mean IASI Ntdtal column concentration over Europe and the Netherlands

1ASI NH; total column (molecules/cm?), mean 2013-2014
1el6

540
i i 14
65N Rt 53.5°N |--
; 12
. : ; ; i
Lo s S npree s . SR - e 539N f--nnnneedonemnannaiien
: ! H A _’i o
2 — 0.8
50N fervennchueenee ot B 529N
v ' h 0.6
s 5 : rra .
e R - = 51.5°N 0
A0°N femmeemnes 51°N |- 0.2
. IR
L : Sl ; — L | 50.5°T 0.0
10°W  5°W  0°  5°E  10°E  15°E  20°E  25°E  30°E 3°

Figure 1: The annual mean NH; total column concentrationin 2013 2014 asobserved by IASFA in Europe (regridded to
0.50h ORQJLWXGH E\and the Keih&ddndsxe@ridded to 0.125h ORQJLWXGH E\ h ODWLWXGH

2.2 IASI NH 5 uncertainties

The retrievablgorithm (Whitburn et al., 20163llows estimatiorof quantitative errorsf each observatiohe
error estimatelepends on a combinationtbethermal contrasithe temperature difference between Earth’s surface
and atmosphere at 1.5kiemdtheHRI, i.e. the spectral footprinThe estimate alsacludes error terms for the
uncertainty in the profile shape, and error terms arising from the used temperatweteangpor profilesThe
uncertainty estimate for each retrieved Nétal column isanerror propagation of the individugdarameter
uncertaintiesWhitburn et & (2016)showed in an error chacterization thaindividualretrieved NH columns hold
thesmallest errors (~25%) the situation of a high Ndtoncentratiorcombined witha high thermal contsh The
error increases progressively when either of these lowers. In the case of ajoandéhtratiorand a low thermal
contrastthe erros can be as high as ~270%ore information orhowthelASI-NN retrievalworksand how the
relative errors are derived can be founthitburn et al. (2016)Figure 2 shows the relative uncertainty of the
IASI-A NH; total column concentratiain 20132014 over Europe and the Netherlandserelativeuncertainty

ranges from~9(% in remote areasith little emissiongo ~30% in high emissions areas.
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Figure 2. Therelative error of the annual IASI -A retrieved NH3 total column concentratiorsin Europe and the
Netherlandsin 20132014
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2.3 NH;3 ground measurements

Ground measurement§ NH; surface concentratioritom threeair qualitynetworkswereused to validate the
LOTOSEUROSandIASI-derived NH surface concentratioro® a monthlyand a yearly basig.o do this,

observations of ambient NHoncentrations of the EMEP (European Monitoring and Evaluation Program) network

are used for EuropE&MEP, 2016)For the case study of tiNetherland®bservations frontwo established
networksare usedthe LML network (Landelijk Meetnet Litkwaliteit) (RIVM) and the MAN Meetnet
Ammoniak in NatuurgebiedériLolkema et al., 2015)

NHs is challenging to measureliably because gbotentialadsorption tgarts of theneasurement devickeading

to slow response timggon Bobrutzki et b, 2010) The uncertainties of the measurements may differ significantly

per instruments desigiiable 1 gives an overview of the instruments used by eachsartbevorks and their

uncertainies

2.3.1 EMEP network

Themain measurement network fie@active nitrogen concentrations on Europseale is the EMEFEUropean
Monitoring and Evaluation Programgtwork(Tegrseth et al., 2012)NH; measurements from 35 stations were
availableto validate the resulisf 2013and46 stationdor the results 02014 Differenttypes ofmeasurement
devices are used to measuresNithin the EMEP networkThe majority of the EMEP sites use filpacks, of
which the results are relatively uncertdima field intercomparison of different Niheasurement techniqye®n
Bobrutzki et al. (2010joundthatdifferent instrumentbiavean overall biayarying from-31.1% to +10.9% for the
entire data rangeé-two weeks)demorstratingthat there is a need farstandardized approadfor smaller

concentrations (<10 ppbv) the bias is even larger, #2h0% to +54.5%.

2.3.2 LML network
The LML monitorshourly NH; concentrationg the Netherlandsince 1993van Zanten et al., 2017ince 2014
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only 6 statonsareleft in operation before that there wefstationsThe locations of the monitoring stations were

carefully selected toover regions with high, moderate and low emission densitjeslly The measurements are

performed with AMOR instruments,hich are continuous flow denudefsrflow passes through a wetted rotating

denuder tube in the AMOR instrumemtd theNH; absorbsnto this fluid The electric conductivity is then

determinedhnd usedis a measure for the NEoncentratiorfvan Zanten et al., 2017)he measurements have a

reported uncertainty aft leas% for hourly concentrations arad least/% for yearly averaggsan Zanten et al.,
2017;Blank, 2001)

2.3.3  MAN network
The MAN network providesmonthly mearambient NH concentrations in nature areas in the Netherlaimte

2005 The network has 236 sampling points since 2014, spread over 60 different naturEhareeasurements are

performed with lowcost passive samplefr®m Gradko Themeasurementgre calibrated against the measurements

of the LML (Lolkema et al., 2015)The bottom of the passive sampler is an open cap with a porous filter through
which NH; in theair can enter. In thiop end of the tub¢he NH; is adsorbed by an acid to folNH,". The NH*

concentrations in the samplers are analyzed in a laboratory every month to compute the montikts;mean

concentrationsThe uncertainty of the MAN measuremedépend®on the NH concentration and varies between

20% for high concentrations 30 JB DQG IRU ORZ FRQ FH@QoiKdna ¥ &1 RZDAB) JP
Network Instrument(s Uncertaint
EMEP Filter-packs, denude ~20- 25 % (yearly mean
MAN Passive sampls 20-41% (monthly means(Lolkema et al., 201!
LML Continuousiow denuders (AMORS) > 9% (hourly measuremer > 7% (observed annu

means)Blank, 2001)

Table 1: Type of instruments used to measure ambient Nftoncentrationsand associatedincertainty estimates.

2.4 The LOTOS-EUROS model

2.4.1 Model description
LOTOSEUROS is a Eulerian chemistryransportmodel(CTM) (Manders et al., 201Tjat simulateair pollution
in the lower tropospher@ horizontal resolution of 0.50 O R Q J LORSGEIDEN LW XGH FRUUHVSRQGLQJ \
approximately 28 by 28 khis used to perform simulations for Europe (8570h 1 k35 h ( Secondly, forthe

case study of the Netherlands the horizontal resolution is set tolf0. 2R QJLW XGH E\ xima@ipW LW X GH

by 7 km (50.5h £54h 1 E-7.5h (

7KH YHUWLFDO UH YV RaxXayer RQici gridtkateRdR€@3HO LV D

up to 3.5 km above sea level. Th@ttomlayer is the surface layer and has a fixed height of 25 meters. On top of

this layer there is a mixing layer, followed by two equally thick dynamic reservoir layéhstime-varying

thicknessesThe model followghemixed layer approachOTOSEUROS performs hourly calculatisnsing
meteorology provided by ECMWECMWEF, 2016) Gasphase chemistry is described using the TNO GBM
schemgSchaap et al., 2009Which is an updated version of the original schem@\yitten et al., 1980)

Anthropogeniemissionsised in LOTOSEUROS are taken from the TNRIACC-11I emission databasgkuenen
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et al., 2014)LOTOSEUROS uses a set of temporal factors (monthly, daily and hourly) to doeakannual total
emissions into hourly emissionkhe ime profile ofa particular pollutant is an aggregatiortlaétime-dependent
emission strengths from different SNAP (Selected Nomenclature for Sources of Air Pollution). Sduecesnthly
NH; emissiongeak in March and then decrease, followed by another smaller peak in SepidratzilyNH;
emission strengths are-destributedmore or lesgvenly over the week:hehourly NH; emission peak is reached at
13.00h (Denier van der Gon et al., 2011)

2.4.2 Dry deposition parameterization

The drydeposition fluxes in LOTO&UROS are calculataslith the DEPA@.11(Deposition ofAcidifying
Compounds) moduldollowing the resistance approaflan Zanten et al., 2010y this approach, the deposition
velocity is the reciprocal sum of the aerodynamic resistance, thelgoasar layer resistance and the surface
resistanceA canopycompensation point f@imulation of the bdirectional flux ofNH; is included in the
implementation of the DEPAT11module, following the approach presentedichink Kruit et al. (2012)The
compensation point is computdgnamicallyusng modelling results from the last monithe model usgthe
CORINE/Smiatekland usemapconverted to the DEPAC land use clagsedderminetheexchange velocities for
different land use classédore information orthe LOTOSEUROSmodelcan be found itManderset al. (2017)

2.4.3 Model performance

The LOTOSEUROS model has participated in multipledel intercomparison studiés.g.(Colette et al.,
2017;Wichink Kruit, 2013;Bessagnet et al., 204i8anco et al., 2018) showing an ovettbgood model
performanceLOTOSEUROSalsoshowed a good correspondence wilarly NH; concentrations with a slight
underestimation in agricultural areas and overestimation in naturdératkadNetherland@Nichink Kruit, 2013)
Theinferentialmethodthat we use heteeavily relieson resultsfrom LOTOSEUROS The modethereforehas to
closely represent ray, if we wish to obtain reasonable results in any model, there are, howevencertainties
associated with every part itfe total chain of modelled processThe uncertainties related to emissions tndty

and wet depositioareexpectedo impact the results the maatd are discussed below.

2.4.4 Uncertainties related to enissioninput

Emissions are the most important input for any CTM and are, at the same time, a source of substentaiaties
(Reis et al., 2009;Behera et al., 2Q18H; emissions are relatively uncertain due to the diverse nature of
agricultural sourcekeading to large spatial and temporal variations in emissidresuncertainty of the European
reported annual totals is estimated to be aratd®do (EMEP, 2016) Theuncertaintyis largerfor countriestat

have limitedresearch on their emission inventaryd carry outifew emission measurement activities.

The presence of other gaseous components such,@a8®Q may have &ighimpact on the modelled NH
concentratiog as NH in the atmosphere reacts readily with sulfuric acigh@®]) and nitric acid (HNG) to form
particulateammonium €.g.(NH,),SO, or NH;NQO). It is therefore alsamportant toconsiderthe errors in th&0,
and NQ emissions.The SQ emissions are relatively well known per source categodythus hold a relatively low

uncertaintyof about+10% onreportedannual totalsThe uncertainty in the N@missions is higher, of around
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+20% on reported annual totaléowever, due to interpolation to account for missing data for some countries, the
final uncertainty of the annual totadéboth SQ and NQ is estimated to be high@Kuenen et al., 2014)

Needless to sapne single emission at a certain time may have a imigtier error due to the large uncertainty
related to redistribution and the timing of emissifidendriks et al., 2016;Skjgth et al., 201¥pre information on
the quality data ratings of NHSQ, and NQ per source categoand percountrycan befound in the reporof the
European Bvironment AgencyEEA, 2016)

2.4.5 Uncertaintiesregarding dry and wet deposition

The second sourad uncertaintie®riginates from themodelparameterization of both dry and wet deposition.
Severamulti-modelstudies(e.g.(Dentener et al., 2006a;Colette et al., 2017;Wichink Kruit, 2013;Flechard et al.,
2011Vivanco et al., 2018)aveshown thathere isquite a large discrepancy in the implementation of dry and wet
depositionin different CTMs.A fundamental input for estimating dry deposition fluxes in CTMkésincertairny

in thedeposition velocitySchrader and Brummer (201empiled a database of the Néteposition velocities per
land use category thaive been usdd several deposition models from 2004 to 2013. The results showed quite a
largevariationin the Vj; values for different land use classBsme classes (e.g. water, urban) showed only a small
variation in 4 of an interquartile range ef5 to 10% for 50%f the data. @er classes (e.g. coniferous, agriculture)
showed a much largénterquartilerange in \f of ~30 to 40%Flechard et al. (201X ompared four existing dry
deposition routineacrossb5 N, monitoringsites and found that the differences between models reach a f&ctor 2
and are often larger than differences between monitoring Eiiesnan (1993gstimated the dry and wet deposition
fluxes d acidifying substances in the Netherland from measured and modelled concenffatoastimated
uncertainty in the average NHuxes in this paper was estimated to be 30#th a systematic error of 30% in the
used \4 for NH;. Dentener et al. (2006&glculated theleposition olN, with 23 atmospheric chemistry transport
modelsin a multimodel evaluationAlthough there were quite large differences between the different mddels, t
papershowed that 71.7% of the moedehlculated mean wet deposition raiteg&uropeagree to within £50% with

NH," wet deposition measurements from the EMEP network.
3 Methodology

The NH; surface concentrations and dry deposition fluxes are estimated by contbanahgervation®f thelASI-
A satelliteinstrumentandthemodelling results from LOOSEUROS The nethodis an adapted version of the
approach for N@and SQ presentedby Nowlan et al. (204). ThelASI-A instrument onlyobservethe NH; total
columnat overpass tim&Ve use the modelling results of LOTE@&RROS toaccount for the diurnal variation the
atmospheric concentration§NH;. Thevertical NH profiles in LOTOSEUROS aralsoused tadeduce the
groundlevel NH; concentrationgrom IASI. Thecomputation of théASI-derivedNH; surface concentrations and

dry deposition fluxess describedn detailin the following sections.

3.1 Surface concentration computation
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TheNHjs total column observations from 1ASI diiest regridded onto the LOTQBEUROS model gridThe monthly
mean NH total column concentratiorssethen @lculatedfor each pixelWe use the vertical profile of NHber grid
cell in LOTOSEUROS to relate thiASI NH; total column to NH surface concentrationshe lASI-derived NH
surface concentratior@V B4 computedbllowing Eq. (1)
CMEWM 'E:OE®:PI 1

= B @)
Here 3ME Yefresentthe monthly meaiNH; total column concentratidinom IASI (moleculecm®), 38 cpn qq

representthemodelledNHs total column at overpass time in LOT@SIROS (molecules cii) andCP! isthe
modelled measurface concentratich g m?), the concentratioin the downmost layer in LOTOSEUROS

3.2 Dry deposition flux computation

The hourly NH dry deposition fluxes ammodelled inLOTOS-EUROS. The modelled Nftiry deposition fluxes
arethenadjusted based on actual observations from IAB¢modelled and the 1ASderivedNH; concentrations
share the same vertigatofile. Theratio of the observed and the modelled total column concentratagher than
the surface concentrationsthereforedirectly used to alter th@odelledNH; dry deposition fluxThe NHz dry
depositionflux (kg N ha'yr™) inferred from IASI,FMEYW&'computedollowing Eq. (2)

FMEWM L G Pl 2)
*Hhrwii b_gjw

Here 3" EVffnoteshe NH; total column concentration from IASBY . ,,, themodelledNH; total columnat

overpass time ihOTOSEUROS (moleculesm?) andF ' {he total daily NH dry deposition flux in LOTOS

b_gj
EUROS kg N ha'yr). FP'!  is the sum of the hourly NHiry deposition fluxesas showrin Eq. (3)
FE om A& FT'= APGs Vo (CP' F Vi) 3)

The hourly NH dry deposition fluxs theproduct of the dry deposition velocity ¥nd thedifference between the
hourly NH; surface concentratioGf !, and thetotal compensation point of Ny m']f. To account for the high

variability of atmospheritNH; and the limiting amount of available IASI observatiamsnthly means of these
values are used rather than daily values.

3.3 Sensitivity analysis

The main sources of model uncertainties thateevant for deposition modelling arise from uncertainties in the

emission input and the deposition parameterizaiiees Section 2.3)

A total of 4 input fieldswerevariedin LOTOSEUROS the MACGIII NH ; emissions, the MACQIl NO, and SQ
emissions, the dry deposition velocityy, 6f NH; and the wet deposition dfiH; The wet deposition is varidxy

adjustment of thgas scavenging constant,fzfor NH;. The wet scavenging constani.&linearly influences the

9
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amount ofNH; wet deposition This resultsn changes in the wet NHleposition flux of +30% aneéB0%, too. The
objective of these 8 sensitivity runs is to assess the uncertainty ranges on the estimatgaidppsitibn fluxes
resulting from moddihg errors.Table2 gives an overview of the parameters that\aeed We chose tapply a
constant perturbation of30% and-30%to one field at the timéo see their individual effect and itoprove the
comparability of the result$oo. Moreover,perturbations of +30%rereasonable rangsince they correspond to
theestimateduncertaintiesn the MACGIII emission fieldsannual totaleindthe uncertainties thewet and dry

deposition fluxes olNHs.

Perturbed paramel Perturbatios
MACC-IIl NH 3 emissions +30%,-30%
MACC-IIl NO,and SQ emissions +30%,-30%
NH;dry deposition velocity, ¥ +30%,-30%
NH; gas scavenging coefficient @™ | +30%,-30%

Table 2: Perturbations on input fields that have been used for theensitivity analysis of the method.

4 Results
4.1 NHjssurface concentrations

4.1.1 Europe

Figure3 shows thevarm seasofApril -Septemberjnean NH surface cocentratios in 2013 and 2014 he left

figures show the modelled concentrations from LOTEREROS(which we will refer to as the ‘moted
concentrationg’andconcentrationshat arederivedfrom IASI in combination with LOTOSEUROS(which we will

refer to as ‘IASIderived concentrations’The dotgepresenthe correspondinmeasurements from the EMEP
stations.The right figures show thabsolutadifferencesdhetween the EMEReasurementand themodelledand
IASI-derivedconcentrationdn general, th@attern of th&EMEP measurementsnd themodelledand IASHderived
concentrationsatches quite wellfThemajority of the EMERNMeasurementsgreesvith themodelledand 1ASH
derivedconcentratioato -0.75 to +0.7  J B. The sum of the absolute differences between the warm season mean

NH; surface concentrationis a cubic metefrom EMEP and LOTOEUROS was 23.0J LQ D Q Gin J
2014. Thesum of the absolute differences between the warm season meaurfiftde concentrations from EMEP
and IASI was slightly lower, 22.6J LQ D Q Gin 2014. J

10
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Figure 3: Comparison of thewarm season(April -September)mean NH; surface concentratiors
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Figure4 shows scatterplotsf themonthly mear{left) and the warm season mean (righb; surface

concentrationsThe xaxis represents concentrationsasured by the EMEP statioi$ie yaxis represents either

the modelled concentrations (blue) or the IA8tived concentration®range).Themonthly mearmodelled

concentrationand the EMERneasurementshow areasonablgtrong linear relationship in 2013 (r =0.7Ihe

correlation between the two was weaker (r39pin 2014 The correlation between the IA8erivedconcentrations
and theEMEP measurementgas similarin 2013 (r = 0.71), andiashigherin 2014 ¢ = 046). Thewarm season

meanlASI-derived concentrations and the EMEP measurenmavesa slightly strongecorrelation coefficient and

an improved slopeompared to the modelled concentrations.
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Monthly mean
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Figure 4: Comparison of the monthly mean(a, b, e, j and warm seasor(April -September)mean ¢, d, g, ) NH3 surface

concentrationsmeasured by theEMEP stations and thecorresponding NH; surface concentratiors from LOTOS-EUROS

(blue dots) andinferred from IASI (orange dots)in 2013 op) and 2014 pottom).
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surface concentrations from LOTOSEUROS (blueline) and derived from IASI (orangeline) in 2013 (a) and 2014 (b).
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The absolute differences between EMEP and LOTOEUROS are shown in blue and the absolute differences between

EMEP and IASI are shown in orange.

Figure 5 showshe mean Nkisurface concentration of all EMEP stations per month, ancbtinesponding

modelled and IASHerived concentratiorest the saméocations.The absolute differences per month are plotted in

the same figure in blue (LOTOGBUROS vs EMEP) and orange (IA8érived vs EMEP)AIl concentration time

profiles show a peak value in April, resultiftgm spring fertilization.The LOTOSEUROS ime pofile at the

EMEP locationslecreases from April to May and starts to increase towards the end of thehgetme profile of

the EMEP stations follows # samepattern from April to June, but decreases towards the end of the year. The IASI

derivedtime profile shows a decreasipgttern except in August, where there is a small p@&le IASHderived

time profile shows a relatilie better comparison with the EMEP measurements in Aprilahdto September in

2013 and in April and September in 20The sum of the absolute differences of the meag $uHace

concentrationf a cubic meteat all EMEP locationbetween LOTOE 8526 DQG (0(3 DPRXQWV WR
D QG in2014. Thegm of the absolute differences between IASI and EMEP was somewhat smaller in

2013, amounting to 1.7J and somewhat higher in 2014, amounting.® J

In summary, the majority ohe 1ASkderived concentratiorshoweda slightly stronger correlation with the EMEP
measurementhian modelled concentrations on a monthly basis.correlation became more pronounced on a

seasonal basis (mean of ApBéptember).
4.1.2 The Netherlands

4.1.2.1 Comparison with LML measurements

Figure6 shows thavarm seasofApril-Septemberjinean NH surface concentratiorfs J P°) in the Netherlands
2013 and 2014The corresponding LML measurements are plotted ooftte modelled and 1ASderived
concentrationsLOTOSEUROS seems to capture the general patittine LML measurementairly well in both
2013 and 2014The sum of the absolute differences between the warm season mgamrfdee concentrationis
a cubic metefrom LML and LOTOSEUROS wagt7.3 Jin 2013 and#4.8 Jin 2014. Thesum of the absolute
differences between the warm season meanduHace concentrations from LML and IASI was slightly loier
2013 namely 44.9 J and somewhat higher in 2014, namé&sy5 J
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Figure 6: Comparison of thewarm season(April -September)mean NH; surface concentration in 20134, b, ¢, g and in
2014 g, f, g, b from LOTOS -EUROS andderived using IASI. The corresponding warm seasommean NH; surface
concentrations measured by the LML stationsare plotted on top d the left figures. The right figures depictthe
differences betweerthe two.
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Figure7 showsscatterplots of thenonthlymeanNH; surfaceconcentrations  J F). The xaxis depicts the ML

measured concentratiorihe yaxis depicts the correspondingpdelledand IASHderived concentration$he

modelled concentrations and the LML measurem&mdsva moderate linear relationship (r =0.39 in 2013, r = 0.50
in 2014). The high NElconcentratiorstations Vredepeel atwekerom areinderestimated by LOTOGBUROS.

The other stations are closer to the-on@ne line and appear to match quite welie correlation coefficient of the
IASI-derivedconcentrationand the LMLmeasurements r =0.39 in 2013 and r = 0.53 in 20IFhe IAStderived

concentrations also underestimate the high concentration LML stations (Vredep@étlardm)in both yearsThe

majority of thelow concentration LML stations are overestimated by the {#&lved concentrations in 2013, and

underestimated by the IASlerived concentrations in 2014. generalboth high and low LMLmeasurementsere

reproducednadequatelyy the IAStderived concenations.The eliminationof the highconcentratiorstations

Vredepeel and Wekerodoesnot lead to a better comparisofithe LML measurements to th&SI-derived

concentrations
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Figure 7: Comparison of the monthly mean NH; surface concentrationameasured by the LML stations and the

corresponding LOTOS-EUROS and IASI-derived NHs surface concentrations during the warm seasoApril -September)

of 2013 ¢op) and 2014 bottom). The high concentration stations Vredepeel and Wekerom arelieminated from the right

figures (c,d, g, h).

Table 3 gives a month by month comparisbthe correlation coefficienthe slope and the intercept of the monthly

mean NH surface concentratioros all LML stationsversus the correspondingodelled ad IASI-derived

concentrationdn 5 out of 12 monththe IASkderived concentratiorend the LML measurements havbeiter

correlation coefficient and the slope compared tartbdelledconcentrations and the LML measurementse

modelled concentrations atensistentf lower than the LML measurements
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In short, the IASFderived concentratiordo not show detter comparability with the LML measuremeatsnpared

to the modelledoncentrations.

Month LOTOS-EUROS IASI-derivec
R slope intercep RMSC r slope intercep RMSC
04-201: 0.57 0.39 ¢ 4.1z 7.78 ¢ 0.57 0.3¢ 0.01 ¢ 10.8(
05-201% 0.49 ¢ 0.1¢ ¢ 2.1¢€ ¢ 7.5% -0.21 -0.3C 9.61 7.2C ¢
06-201% 0.3¢ 0.1¢ 1.72 ¢ 8.5¢ 0.44 ¢ 0.4ct ¢ 1.74 6.8C ¢
07-201% 0.3¢ 0.18 3.31 ¢ 11.6% 0.46 ¢ 0.34 ¢ 3.7¢ 10.0C ¢
08-201: 0.4¢ 0.23 3.82 10.1C 0.86 ¢ 0.35 ¢ 3.6% ¢ 7.9% ¢
09-201: 0.27 ¢ 0.33 4.2¢ 5.79 ¢ 0.0 0.65 ¢ 0.3¢ ¢ 7.31
ML 04-201¢ 0.69 ¢ 0.5€ ¢ 4.3¢ 5.81¢ 0.21 0.4€ 0.4< ¢ 10.32
05-201¢ 0.3¢ 0.2¢ 1.90¢ 6.3 0.76 ¢ 0.72 ¢ -2.7¢ 6.15 ¢
06-201¢ 0.6: 0.2C 2.31 9.6t 0.85¢ 0.66 ¢ -0.9¢ ¢ 6.60 ¢
07-201¢ 0.70 ¢ 0.19 2.21 10.5: 0.6¢ 0.29 ¢ 1.22 ¢ 10.19¢
08-201¢ 0.68 ¢ 0.47 ¢ 0.7t 4.97 ¢ 0.4¢ 0.31 0.69 ¢ 6.5C
09-201¢ 0.55¢ 0.32 ¢ 4.8¢ 8.20 ¢ 0.0 0.27 1.4¢ ¢ 11.5¢

Table 3: Month by month comparison ofthe correlation coefficient (r), slope and intercept of the monthly mean NH

surface concentrations of the LML stations (xaxis) and the coinciding monthly mean LOTOSEUROS and IASI-derived

NH; surface concentrations (yaxis). The green arrows denote which dhe two (LOTOS-EUROS or IASI) gives the most

desirable value The green arrows are attributed to either LOTOSEUROS or IASI based on the following criteria:

highest r, slope closest ta, intercept closest to Cand smallest RMSD.

4.1.2.2 Comparison with MAN measurements

Figure8 showsthewarm seasomean NH surface concentratiors the Netherlands in 2013 and 20T4e dots

represent the corresponding MAN measuremdihispatterns of the MAN measurements are captured quite well

by the modelled concentrationveith low NH; surface concentrations near the coast, and increasing values towards

the easof the NetherlandS he sum of the absolute differences between the warm season meganrfdkke

concentration a cubic metefrom MAN and LOTOSEUROS wast44.7 Jin 2013 and194.3 Jin 2014. The
sum of the absolute differences between the warm season meaurfi#tde concentrations from MAN and IASI
was slightlyhigher in both year@amounting td12.1 Jin 2013 ancb13.6 Jin 2014.

16



Mean NH; surface concentration 2013 (ugm—3)
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Figure 8: Comparison of the warm season (ApridSeptember) mean NH surface concentration in 2013 (ab, ¢, g and in
2014 (ef, g, b from LOTOS-EUROS and derived using IASI. The corresponding warm season mean NHurface
concentrations measured by the MAN stations are plotted on top of the left figures. The right figuselepict the
differences between the two.
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Figure9 shows scatterplots tfie monthlymean (leftjand warm season meéight) NH; surfaceconcentrations

The xaxis depicts th&1AN measurements. Thegxis depicts the corresponding modelled or H&tived

concentrations. The modelled concentratiand the MANmeasurementshow a moderate positive linear

relationship (r =0.5 in 2013, r =48 in 2014). The correlation of the |1A8&rivedconcentrations and the MAN
measurements somewhat weaker in both years (r = 0.40 in 2013, r = 0.38 in ZD1&)ASI-derived

concentrationand the MAN measurements shawimilar to slightly stronger c@lation (r = 0.59 in 2013, r =

0.54 in 2014) compared the modelled concentrations and the MAN measurenfi@ntse warm seasofn = 0.54
in 2013, r = 0.54 in 2014).
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Figure 9: Comparison of the monthly mean (left) and warm seasofApril -September)mean (right) NH; surface

concentrations measured by the MAN stations and the corresponding NRurface concentrations from LOTOSEUROS
(blue dots) and inferred from IASI (orange dots)in 2013 op) and 2014 pottom).

12

Mean surface concentration (ugm—3) at all MAN locations

2013

2014

(a)

10 4

Surface concentration (ugm™3)

(b)

IASI

—&— MAN

T T T T
2013-04 2013-05 2013-06 2013-07

Month

T T
2013-08 2013-09

T , ; T
2014-04 201405 2014-06 2014-07
Month

T T
2014-08 2014-09

—#— LOTOS-EUROS

abs(MAN - 1ASI)
abs(MAN - LOTOS-EUROS)

Figure 10: Mean of the NH; surface concentrations at all MAN locations per month (greefine), and the coinciding NH;
surface concentrations from LOTOSEUROS (blueline) and IASI (orangeline) in 2013 (a) and 2014 (b)The absolute
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differences between MAN and LOTOSEUROS are shownin blue and the absolute differences between MAN and IASI

are shown inorange

Figure 10shows the mean Ntsurface concentration of all MAN stations per month, and the corresponding
modelled and IASHerived concentratioret the same locationsheabsolute differeces per month are plotted in
blue (LOTOSEUROS vs MAN) and orange (IASlerived vs MAN).The mean of alMAN stationspeaks in April
in both yearsln 2013, the meaaf all MAN stations increases from Maw, peaks in July and then decreas

towards the ending of the yedn 2014,there isan additionapeak in July, followed byreotherdecrease.

The sum of the absolute differences of the meag $iKface concentratioms a cubic meteat all MAN locations
between LOTOSEUROS and MANDPRXQWYV WR J L Qin 2014DT@dSsum of thé absolute
differences between IASI and MAN was somewhat larger in 2013, amounting td Bi® considerably smaller in
2014, amounting t6.0 J

Month LOTOS-EUROS IASI-derivec
r slope intercep RMSC r slope intercep RMSC
04-201: 0.53 ¢ 1.4¢ -1.41 4.3¢ 0.4¢ 1.05¢ -1.08 ¢ 3.37 ¢
05-201% 0.48 ¢ 0.92 ¢ 0.3C 1.9t ¢ 0.44 1.6¢ 0.04 ¢ 3.9
06-201: 0.5¢ 0.70 ¢ -0.06 ¢ 2.6¢€ ¢ 0.5¢ 1.4z -1.1¢ 3.28
07-201% 0.48 ¢ 0.71 0.9¢ 3.32 ¢ 0.44 1.18 ¢ -0.06 ¢ 4.1¢
08-201: 0.4¢ 0.89 ¢ 1.67 3.37 ¢ 0.4¢ 1.1¢ 1.11¢ 4.0:
09-201: 0.40 ¢ 1.45¢ 0.15¢ 3.47 ¢ 0.2t 3.0t -7.4¢ 6.0¢
MAN 04-201¢ 0.52 ¢ 1.7¢ -2.8( 5.6€ 0.3t 0.9¢€ ¢ -2.0C ¢ 4.2¢ ¢
05-201¢ 0.3¢ 0.8C -0.10 ¢ 2.7¢ ¢ 0.46 ¢ 1.0¢€ ¢ -2.1z 3.1%
06-201¢ 0.7¢ 0.87 ¢ 0.12 ¢ 2.0¢ ¢ 0.71 ¢ 1.41 -1.44 2,74
07-201¢ 0.5¢€ 0.7¢ 0.18 ¢ 2.7¢4 ¢ 0.5¢ 1.0¢€ ¢ -1.7¢ 3.13
08-201¢ 0.47 1.31¢ -0.57 ¢ 2.4¢ ¢ 0.47 1.5C -2.0¢ 2.5¢
09-201¢ 0.28 ¢ 1.22¢ 3.42 ¢ 6.0% ¢ 0.1z 1.87 -3.7¢ 6.2%

Table 4: Month by month comparison of the correlation coefficient (r), slope and intercept of the monthly mean NH
surface concentrations of the MAN stations (3axis) and the coinciding monthly mean LOTOSEUROS and IASI-derived
NH; surface concentrations (yaxis). The green arows denote which of the two (LOTOSEUROS or IASI) gives the most
desirable values. The green arrows are attributed to either LOTOSEUROS or IASI based on the following criteria:

highest r, slope closest to, linter cept closest to 0 and smallest RMSD.

Table 4 shws the correlation coefficienthe slope and the intercept of the MANasurementgersusthe modelled
and IASkHderived concentratiorfer the warm months in 2013 and 20142013, he IASkderivedconcentrations
show a weaker correlation withe MAN measurements than the modelled concentrations in all m@mitysn

May and June in 2014helASI-derived concentrationsomparedslightly better to the MAN measurements than the

modelled concentrations

19



10

15

20

25

Absolute difference (LOTOS-EUROS/IASI - MAN) per surface concentration ranges (2013)

_ (a) g [ LOTOS-EUROS
o 8 3 1AsI
S f ] 8
o 10 8
ES ]
g s §
Q
£
£, B B
9 g
. : : _—

-20

0.0-5.0 5.0-10.0 10.0-15.0 15.0-20.0 20.0-inf
MAN surface concentration range (ugm=3)

2 Absolute difference (LOTOS-EUROS/IASI - MAN) per surface concentration ranges (2014)
—~ (b) 8 8 [ LOTOS-EUROS
n1s - IASI
5o | i
g 8 | 8
o s
c
¢, B8 == -
g == L 1
T =
2 4 ==
% -10 =
é =15 ® E

-20

0.0-5.0 5.0-10.0 10.0-15.0 15.0-20.0 20.0-inf

MAN surface concentration range (ugm~3)

Figure 11: The absolute differencedetweenthe monthly meanNH 3 surface concentrationsmodelled inLOT OS-EUROS
(blue) and derived from 1ASI (orange) and the monthly mean NH; surface concentrationaneasuredby the MAN stations
in the warm season (ApritSeptember)in 2013 (a) and 2014 (h)grouped as function of the MANmonthly mean NH;
surface concentrations The black line indicates the median, the edges of the boxes indicate th® 2md the 78"
percentiles (Qland Q2), the whiskers indicate the full range of the absolute differences (Q11.5*IQR and Q3 + 1.5*IQR)

and thedotsindicate the outliers values that lie outside the whiskers.

The data is grouped into different MAN NBurface concentration rangestest the pgormance of thenodelled
and IAStderived concentratioress a function of concentration levEigure 11 shows thgroupedabsolute
differences between the monthly meansl$Hrface concentrations measuredi®MAN stationsandthe
correspondingnodelled(blue) and 1ASkderived(orange)concentrationg=or low MAN concentration ranges-{ID

J P’) themodelledconcentrationagreefairly well with the MAN measuremenis both yearsFor highetMAN
concentration rangds10 J P’) the model seems tndeestimate the monthly mean Nburface concentrations
The IASkderived concentrations were relatively higher ttrenmodelled concentratiofgr all concentration levels
in 2013 The opposite is true in 2014, where the lA8rivedconcentrationsvere retively lower tharnthe
modelled concentration®/e conclude that the differences betwemrdelled and IASHerived concentrationa

the Netherlands cawot beassignedo specific concentration lel

In summary, the comparison with the MAheasurementoesalsonot show anignificantor consistent

improvement in the IAStlerived concentrations compared to th@delled concentrations

4.1.3 Summary of the comparison with in-situ measurements
We compared thmodelled and IASHerivedconcentrations to measurements of the European EMEP nefvbark.

IASI-derivedconcentrationshowedn general a slightly stronger correlation with the EMEP measurertinamts

modelled concentrations on a monthly balsiereover, the correlatiobecame more pronounced on a seasonal basis
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(meanof April-September)We then comparetthe modelledandthelASI-derived concentrations to measurements
of Dutch MAN and LML networks. This comparisam the other handlid not show angignificant or conistent

improvement in the IASterived concentrations compartedhe modelled concentrations.

In general, both the modelled and the IAf8kived concentratiorseem to b@verestimated in emission aredhis
could potentiallyberelated to the overpass time of the satellithigh emission areathye NH; concentrations are
more variablen time, and théASI observations mightave an uncertairepresentativeneskloreover, the
measurements in high emission areas are generatly umcertain with regard to their spatial representativeness.
Overall these measurements can be more affected by local rather than regional sources.

Generally the modellecandthe observed NHltotal columnsmatch quite wellThismeanghat theLOTOS EUROS
model represents the spatial distribution of;M&ther well. Therearesome areawith large discrepancies between
thetwo where we see considerable deviations in the modellethah&SI-derived concentrationdlost of these
areashowever cannotbe validated againsieasurementbecase of the lack of measurements hditee changes

in the comparison of thavailable measuremenitsth modelled versus IAS#lerived cogentrationsretherefore
relativity small.Based on tameasurements we Y@ we conclude thatre do not see any significant improvement

in the 1ASkderived concentrations compared to the modelled concentrations.

The differences between Europe and the Netherlemad be explainedy the location of thground
measurement3.he majorityof the European scale stations are located in background regions, with relagiely
mixed andow NHjz concentrationsMost stations in the Netherlandsn the other handye located in, anearby
regions with relatively higher Ndtoncentations.As a result, the vertical profile shapes in LOFESROS in the
Netherlands are more complex and variable in tasehis region igafluenced bya constantly changing
combination of tragport, emission and depositiorhe use of an inadequate vertical profile to deNt# surface
concentrationfom IASI could leado an erroneousedistribution of the total amount of measuredNtdHerewith
worsening the comparability with-situ measurement8n the contrary, theevtical profileshapesn background
regions arenorestable and constairt time,and therefore more likely to be descrilzetequatelypy the LOTOS
EUROS model.

4.13.1 Side-note on validation with in-situ measurements

The diferencedetween thén-situ measuremerindthemodelled and IASHerived concentratiorsanpartially be
explained bytheir discrepancyn terms of spatial representation, which limits their comparability to some extent.
The footprint of the irsitu measurementsiislatively smalland easilynfluencedby local factorswhereas the

model and the satellite prowds with a meawalue over anuchlarger areaThe two highconcentration stations of
the LML network in the Netherlands, Vredepeel and Wekerom, are fantesinfluenced by nearby emission

sources which cannot be resolved by regional madetse current resolution

4.2 NH; dry deposition flux
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4.2.1 Europe

The monthly mean dry NHieposition flux has been computed for the wasasor(April to Septemberin 2013
and 2014Figure12 shows thavarm seasomeandry NH; deposition flux (kgN ha'yr™). Theleft figures show the
original, modelled flux from LOTOSEUROS (which will be referred to as the ‘modelled flux’). The right figures
show themodelled fluxadjusted byhelASI satelliteobservationgwhich will be referred to adASI -derivedflux’).
The modelledluxeswere very similain both yearsFigure B showstheabsolute and relativdifferences between
themodelled and the 1ASderived flux In 2013,thelASI-derived fluxeswere higher than the modelled fesin

the Netherlands and Belgiummhis depicts that thiASI-observed Nkltotal columnserewere higher than the
modelled total columns in LOTGBUROS.The IASkderived fluxes were higher than the modelled fluxesther
areas such as Germany, and large parts of Central Europe, mainly in Poland, Belarus and Rdi20adishe
IASI-derivedfluxes weremuch higher than the modelled flux in parts of Calnfurope, mainly in Poland and the

Czech Republic, and in parts of the Unitddgdom, for instance NortHreland.In both yeas, thelASI-derived

fluxesweremuch lower than modelleitlxesin Switzerland, the Po Valley in Italy and the northern part of Turkey.

Here the 1AStobserved Nhltotal columns were thus consistently lower than the modelled total columns in
LOTOSEUROS.Inadequate emission input data could explain the differaatdeese locatios Anotherpossible
causss incorrect modelling athe atmospheric transport and/or stability of NtHLOTOS EUROS

Mean NH; dry deposition flux (kg N ha=lyr1) in 2013
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Figure 12: The warm season (April to September)nean NH; dry deposition modelled in LOTOSEUROS (eft) and
inferred from IASI (right) in kg N hayr™in 2013 (top) and 2014 (bottor
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Absolute difference (IASI-derived - LOTOS-EURQS) in mean NH; dry deposition flux (kg N ha~tyr=1)
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Figure 13: The absolute (top) and relative (bottom)differencesin the warm season(April to September) mean NH;dry
deposition modelled in LOTOS-EUROS andinferred from IASI in 2013 (left) and 2014 (right).

4.2.2 The Netherlands

Themodelled and IASHerivedfluxesin the Netherlands are shown in Figt#e Figure14 shows that the modelled
fluxes weresimilarin both yearswhereashe IASkderived flux variedjuite a lot. The IASHerived flux is higher
than the modelled flux in 2013, and lower than the modelled flux in 2014. Theols8tved NKltotal columns in
the Netherlands were thus in general somewhat higher than the modelledltdtHns in 2013, andmewhat

lower than the modelled NHolumns in 2014.
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Figure 14: The warm season (April to September) mean Nktry deposition in the Netherlands modelled in LOTOS
EUROS (left) and inferred from IASI (right) in kg N ha *yrin 2013 (top) and 2014 (bottom).
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Absolute differences (IASI-derived - LOTOS-EUROS) in NH; dry deposition flux (kg N ha=lyr=1)
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Figure 15: The absolute (top) and relative (bottom) differences ithe warm season (April to September) mean Nkdry
deposition in the Netherlands modelled in LOTOSEUROS and inferred from 1ASI in 2013 (left) and 2014(right).

Figure15 depicts the absolute and relative differences betweanddelled and IASHerived fluxesin 2013, the
main differences occur in treentral and northemostpartsof the Netherlands, where the 1A8&rived fluxes are
clearly higher than the modelled onEsrthermorethe IASI-derived fluxesare higher than the modellédxesfor
thelargestpart of the Netherlandi 2014,the IASkderivedfluxesare lower tharthe modelled fluxes for the
largest part of the Netherlands, excepttf@ centeand the northernmost part

4.2.3

The interannual variations of the modelled and IAfrived flux differences (see Figure 13 and 15) could be

Inter -annual differences

related to different meteorological conditions. The annual global climate reports from the NOAgh@Naceanic
and Atmosphere Administrationh@w that the mean temperatures in Europe were higher in 2014 than in 2013,
especially in western Europe. This might have had an effect @tth@emissionsand their variabilitywhich is
only limited taken into account by the model. The annual precipitation in both years wasarege for Europe as
a whole. However, if we zoom in to a more regional scale, we see that it was much wetter th@ncavergghe
warm season in nearly all parts of the Balkan Peninsula and TiNKBYA, 2014, 2015)Figure 13 shows that the

largest interannual wariations on a European scale occur around the Black Sea: in Ukraine, but also in the eastern

parts of the Balkan Peninsula and Turkey. Some of these regions thus coincide with regionsrtbatedgeavy

rainfall in 2014 and might have affected emiasamd deposition processes which are not taken into account by the
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model. This suggests that meteorological effects might indeed influence our results. Howevemthedegeriod

of two warm seasons only is too short to draw a conclusion.

4.3. LOTOSEUROS sensitivity study

The results of the sensitivity runs are summarized in Fitfyré7 and18. Figurel6 showstherelativechanges in
thewarm seasomean terrestrial dridH; deposition fluxover Europanodelled in LOTOSEUROS(a) and derived
from 1ASI (b) in 2014 fordifferentmodel runsThe mean LOTOEUROS dry NHdeposition over the land cells in
the modelling grid in 2014 was 1.76 Kha' yr*. The mearlASI-deriveddry NH; deposition fluxwassomewhat
higher, namely.20 kgN ha? yr™.

Variationsin the MACGIII NH ;3 emissionscause the largest changés the modelled fluxThesmallest change
wasobtainedby variation of thewet deposition scavenging coefficieni. Thevariationsin the dry deposition
velocity V4 led to the biggest changes in the IAfrivedflux. The effect appears to be amplified compared to the
effect on thenodelledflux. The effect of the MAC@&Il NH ; emissionss damped On the other hanthe effect of
the MACGIII NOy and SQ emissions iglsoamplified Thesigns of thechanges in theASI-derived fluxhave
flipped becaus®f the changes in MACdI NH 3, MACC-1Il NOx and SQand G,y Themodelled fluxis one to

one sensitive to emission changedH;, whereas for IASHerived fluxthisis much lessThe IASHderivedflux, in

turn, changes one to one with thg.V

The variatiors in themodelled fluxarearesult of daily and monthly variations in emissiofiBe variations in the
IASI-derivedflux are also a result these variatiog buton top of this also includen effect of the overpass tinoé

the satellite

Relative change in dry NH; deposition flux relative to standard run

(a) LOTOS-EURDS (b) IAS|-derived
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Figure 16: The medianchange (%) in theterrestrial NH 5 dry deposition flux in 2014 in (kgN ha® yr %) from LOTOS-
EURQOS (a) and IASI-derived (b), resulting from different perturbations of model inputs of LOTOS-EUROS. The orange

linesindicate the 28" and the 75" quartiles.
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Figure 17: The change (%) inthe monthly mean IASI-derived NH; dry deposition flux resulting from different
perturbations of the LOTOS-EUROS model.

Figure I7 showsthe change (%) of monthly meariASI-derivedfluxes in2014 resulting from the differehtDTOS
EUROSsensitivity runsNote that the effect of the runs with changew@ deposition through variations of the gas
scavenging coefficierfor NH; is enlarged by a factor 18e see that the changes with respect to the standard
LOTOSEUROS run arén generakonstant ovethe monthsThe least variation is observed for the runs with
changedVqy values that all resulted in a change of ~31% per monltteruns with adjusted MACAIl emissions

of NHz and emissions of NCand SQ led tolargest changes in May and the smallest chamg8sptember. The
maximum difference between months is 9.5% and 5.6%, respectively, for the runs with adjusted Mte runs
with adjusted NQand SQ values.The runs with changedhlues ofGg.,,for NH; seem to be affeetl mostby
changing weather conditionshich resulted in theelativelylargest variation per monthlowever,becausehe
changsin the IASkderivedflux aresmall(-2.4 to +1.®%), we now continue to look at yearly changes.
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Figure 18: The relative standard deviation (%) of thewarm seasormean output of all perturbed runs and the associated
dry deposition estimate inferred from 1ASI in 2014. Figure (a) shows the LOTOSEUROS NH; total column
concentration at overpasgime, (b) the LOTOS-EUROS NH; surface concentration (c) the NH; dry deposition flux in
LOTOS-EUROS and (d) the resulting IASI -derived NH; dry deposition flux.

Figure B shows the relative standard deviation (foall 8 sensitivity runs for Europ&he bottomright figure(d)
showsthe relative standard deviatiofthe final IASkderivedflux. The relative standard deviation varies from
~20% to~50% throughout Europ&he smallest variatioscan beseenin thesouthwesterand centraparts of
Europe The highst variationsof ~40- 50% aremainlyfoundin long-distance transpodreas with low NHl
concentrations and depositifiuxes such asScandinavia, and in areas with high aergsetursoemissionssuch

as the Balkans.
5. Discussion

In this paperwe examinedhe applicability and the limitations of the methadygested biMowlan et al. (2014for

the derivatbn of NH; surface concentrations and dry deposition flla@®ss Europed comparison of the LOTOS

EUROS modelled and IASlerived NH surface concentrations with-8itu measurements of the EMEP network on

a European scale and the LML and MAN networkhim Netherlandeas been madeAlthough thereappeared to be

someimprovementsn thelASI-derived NH surface concentrations comparedhe modelled OTOSEUROS
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NH; surface concentrationsiainlyin background regionshere did not seem to be asignificant, consistent
improvementln addition the timing of thdASI-derived NH surface concentrations did not show better
correspondence with the-8itu observations than the modelled \$tirface concentration€onsequently, as the
dry NH; deposition fluxes are directly derived from the \#drface concentrations, no significant improvement is
expected here eithe@n top of this, the sensitivity studiging eighinput parameters important for Ndry
depaition modelling showed thétte dfect of model uncertainties on the 1A8érived dry NHdeposition fluxes is
amplified by the estimation procedure compared to the effect on the model simulationBhtsfaifal 1ASI-derived

dry NH; deposition fluxegan vary-20% up to ~50% throughoturopeas a result ainodel uncertainties.

The methodised to derivéhe NH; surface concentrations and dry deposition fluxes from IASI observations is
based on various assumptioRer one, thenethod assumes that the relationdfepwveernthe NH; concentration
and the dry depositiofux is linear whereaghis relationship is in reality neimear. In fact, these quantitiean
even beanti-correlated with highest surface concentrations during the night when the atmosphere is stable and th
exchange is limited. Theompensation point of NHurther enhances the ndinearity For our purpose, focusing

on a single time of the day using monthly datayéver, approximating thisoncentratiorflux relationship by a

linear curvemay seenmmeasonabléor concentration regimes beldte saturatiompoint For higher NH surface
concentrations theurrent approach will likely lead to overestimatky deposition fluxesMoreover, thisstudy
includes the impact of the compensation poir¥H; through thedry deposition schenia LOTOSEUROS

Although the uncertainties are relatively largetesused compensation points based on relatively few
observationge.g.(Wichink Kruit et al., 2007) we feel that thinclusion of the compensation point is a strong point

of this study.

Moreover,theapproach by Nowlaalso assumes that the Ntétal columnconcentrations measured by IASI serve
as a direct proxy of the Nf$urface concentrationk reality,however therelationship between the two is
influenced by various different factors, including tkegtical distribution of NHand the satellites setisity. There
arealreadyquite some uncertainties involved with the vertical distribution of alttithereforetower measurement
campaigngDammers et al., 2017a;Li et al., 201@a@very important tstrengtherour understandingdammers et
al. (2017a)or instance lsowed that the daytime boundary lai@well mixed whichsupports the choioaf a model
that uses thmixed layer approach such as LOTBBROS.Li et al. (2017bshowed that theris a clear seasonal
variation in the vertical distribution of Ntdnd that the slope of the NEbncentration gradient varies throughout
the yearDuringwinter, Li et al. (2017b)bservedelatively highNH; ground concentratiordue topotential
trapping of NH emissions in a shallow winter boundary Igyserdreduced NH concentrations higher up the
column.In these types of situationthe IASksatelliteinstrumentpotentially misses high Nfground concentrations
because of the lack of sensitivitythelower parts of théoundary layerThe computation of averaging kernéss
IASI could help to indicatemore preciselyhere the sensitivity lies and how the measured total columns are
distributed.Moreover, tirther development and validation of the 1A8trievalmayhelp toimprove our

understanding of the satellites produlgrewithalsoincreasingts applicability.
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The method also assumes that the timing and distribution of the emissions in the-EOROS model closely
represent reality, as the ratio between the retrieved and the modelled ammonia burden is ugedsatiovel he
accuracy of the seasonal variatia the NH; emissions in LOTOEUROS is therefore of great importantae
reliability of yearly dry NH deposition estimates using our method is limited by the lack ofduglity IASI
observations during the cold seasAr.a resultderivation ofyeaty IASI-derived NH dry deposition estimates
may differ substantially depending on whether or not the spring maximum peak occurs in the dlaselited
months(April — September)Skjgth et al. (2011presented theeasonal variatioand thedistribution of NH
emissiondor different European countrig@eragriculturalsource Theyshowedfor instancehatapproximately half
of the NH emissions fronspring fertilizationareusuallyemitted in MarchAs thespring fertilization amounts to
~20-50% of theyearlytotal NH; emissionsthis mayresult in a variatiorf the same magnitudm the subsequent
depositionestimatesimprovement of the seasonal variation inMfhissions in LOOS-EUROS could be used to
fill in this gap and lead to a more accurate representation of r&&jiggh et al. (20113howed that the
implementation of a dynamic NKemission model for different agricultural sources may result in considerable
model performance improvements when higlality activity data and information on spatial distributions of
emissions is available. Furthermokgndriks et al. (2016howed tht the use of @nure transport data for NH

emission time profiles leado additional model improvements and a better representation of the spring maximum.

Moreover, nismatchedetween thactualand modelled diurnal variatios NH; emissioncould alsoeasily lead to
large differences in thiASI-deriveddry NH; deposition estimageAs an illustration Sintermann et al. (201&)r
instance reasured NElemissions from an agricultural surfaadier slurry applicatiomnd showed that80% of the
total NH; was emitted within 2 hour€ombined with the shotifetime of NH; there is a possibility that tHASI-
instrumentcompletelymisses these kirsdf eventsf they occur after its overpasa.possible way toeduce the
impactof the diurnal variatiomms tocombineinformation fromlASI with other satelliteshat havedifferent overpass
times NH; observationgrom the CrlS satelliténstrumentcould for instancebe useqShephard and CadBereira,
2015)

At this stagewe can conclude that the IA8krived NH deposition fluxes do not shastrong improvements
compared to modelled NHleposition fluxes and thereaduture need for better, more robust, methods to derive
NH; dry deposition fluxesThis could potentially be achieved liyrtherintegration ofexisting in-situ- andsatellite
datainto modelswith special attention to datapresentativenestor instance by means of daaasimilationln
addition thereis a need for a better understanding of the surface exchange farMlifferent land use types.

Model parameterizations of the surface exchange afaxhowbased on a limited number of direct flux
measurementsnd more measurements codéfinitely improve thisAlso, a better understanding of the timing and
distribution of NH emissiongsould lead to considebée improvements in modelled emissions fields and

consequently deposition fields fronTls.
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