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9  Abstract

10

11 Eutrophication of the coastal waters results in algal bloomshamay be harmful to the
12 marine ecosystem and coastal economy. The main sources of sudnenbe rivers but an
13 unguantified amount of nitrogen is also transported from ground souecésevatmosphere
14 and deposited to the sea directly by rain and turbulent diffusion. ghahgian Particle
15  Dispersion (LPD) model based on the open source code FLEXPART /{lettpdrt.eu) is
16  described that quantifies the dissolved nitrogen coming fromithe the English Channel
17  and Southern North Sea (the ‘2Seas’ geographical region). The osmfemeteorological
18  records, emissions data and LPD computations to simulate thenmarid deposition of
19  nitrogen compounds. The emission sources contributing to the deposgiondasidually
20 identified, and calculated concentrations are compared with groussLineenents in selected
21 locations. The highest calculated atmospheric depositions seth& the considered region
22 are found to be along the Belgium-Netherlands coast.

23

24  Keywords: atmospheric transport; pollutants; eutrophication; Lagrangiaitlpadispersion
25

26 1. Introduction

27

28  Nutrient enrichment of estuaries and coastal waters by huatigities causes phytoplankton
29 and algae to grow more than it would do otherwise (e.g. Peierls, 2@@iErson, 2002).
30 Provided adequate light is available, phosphorus and nitrogethaneutrients that limit
31 phytoplankton growth in aquatic systems, and primary production irarest and coastal
32 waters is thought to be limited by nitrogen availability (Anders2®)2). In contrast,
33 freshwater phytoplankton tends to be limited by phosphorus availakilibhough the extent
34 and severity of nitrogen limitation remains open to questionkyJet988; Boynton, 1982;
35 Nedwell, 2002) and in situations where light penetration is poan agbid estuarine and
36  coastal waters, even high nutrient concentrations may not lesghiticant algal growth. As
37 a societal problem, eutrophication and consequent algal overgros/itbefiaral undesirable
38  socioeconomic and environmental consequences. The additional growthadosster the
39  marine food chain and by decaying depletes the water of oxygen andatiess harm to
40 marine life. Another side effect of the decay is unsiglitim on the beaches, which affects
41  tourism and dependant commercial activities.

42

43  Groundwater transport constitutes the main source of eutrophicanteeartbte the main
44 target of regulative corrective measures (Anderson, 2002)erieless, atmospheric
45  deposition is also significant adding from 300 to 1000 mg?Nmi* to coastal waters in
46  biologically active forms NQ NHs/NH,", and in dissolved organic nitrogen (Paerl, 1997).
47  Atmospheric tracer-based model results show that atmospherictd@pascounts for 6% of
48 the external nitrogen inputs in the North Sea (Troost, 2013). Thiemage however is
49  shown to vary strongly with region. For example, in the OSPAdd &NL-O2 (OSPAR,
50 2013), 16% of the total nitrogen originates from atmospheric depodtimthermore, model

* Corresponding author. Tel.: +442083319589
E-mail address: G.Djambazov@gre.ac.uk
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results show that primary production rates are disproportionatigted by atmospheric
deposition, possibly due to a change in the carbon-to-nitroger(Tatiost, 2013). Budgeting
approaches (Spokes, 2005) suggest that the atmosphere can in s@hensitprovide
enough nitrogen to produce a large increase in phytoplankton grbs¢hmodelled regional
and temporal variation reflects the highly episodic naturembsgpheric deposition and the
strong gradients away from source regions.

A parallel study in the Baltic Sea shows that atmospheric depogprimarily from burning
fossil fuels (land based and shipping), accounts for 25 % of nitrogen(iMglt 2014). Even
more significant atmospheric contributions were found in ChesajigzakeU.S (up to 30%
of all nitrogen inputs) and in some other areas in the U.ShMdlantic, where atmospheric
deposition of nitrogen can exceed riverine nitrogen inputs to coastd éSpokes, 2005). It
is evident from these observations, that the atmosphericitmttidn is an essential part of
any inventory of nutrients leading to algal growth.

As stated above, the nutrients phytoplankton species need areninoogenpounds of
nitrogen, phosphorus and silicon. Of these only nitrogen-bearing compouaoksas
nitrogen oxides and ammonia, being gases, can be airborne incsignhguantities. While in
some cases of blooming phytoplankton the availability of phosphorus may lgeotkih-
limiting factor (Ly, 2014), nitrogen may still play a part fmme species. So a model of the
atmospheric input of eutrophicants is a valuable tool in the studgticiion and prevention
of harmful algal blooms.

This paper is an illustration of how the three main components bof aunodel — weather
data, emissions data and computer simulations — can be conifiaeal working tool for
gquantitative estimates of the atmospheric inputs.

2. Lagrangian Transport Computer M odel

Emitted nitrogen-containing gases are carried and dispersetthebyind before being
deposited to the ground or sea. A publically available, open sooftgease package
FLEXPART (Stohl, 2005) implementing the Lagrangian Particle Dispersiethoal is used in
this study. It can simulate the movement of pollutants imrathesphere and includes also
algorithms for determining the rates of their deposition ontmuarsurfaces (e.g. Plainiotis
2005a, 2005b, 2010). In the model, each of the traced ‘particlesuimedso be carrying a
certain quantity of the investigated substance. Concentratiercakulated after dispersion
by atmospheric turbulence is taken into account. From the coneamgratising specific
deposition properties of each traced gas, deposited quartigesalculated on a user-
prescribed grid.

2.1 FLEXPART Equations

2.1.1 Particle trajectory calculations

The trajectory equation (Stohl, 1998)

ax
T v[X(1)]

with X the position vectow the particle velocityt the time and\t the time step is integrated
using the “zero acceleration” scheme
X(t + At) = X(¢) + v(X, t)At.
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The wind vectow = v + v, + v,, is composed of the grid-scale windthe turbulent wind
fluctuationsV; and the mesoscale wind fluctuationg (Stohl, 2005).

Turbulent motions are represented assuming a Markov process badbd aangevin

equation (Thomson, 1987) for each turbulent wind compongnti=1..3. The

formulation includes a drift term and a diffusion term which aretfans of the position, the
turbulent velocity and time. Cross-correlations between thierelift turbulent wind
components are not taken into account, since they have little &ffdong-range dispersion
(Uliasz, 1994).

Mesoscale motions (sub-grid motions which are not turbulent in hateeel to be taken into
account since they can accelerate the growth of a dispersimge plUpdrafts in convective
clouds that occur in conjunction with downdrafts within the clouds amdpensating
subsidence in the cloud-free surroundings are modelled by a convpatameterization
scheme.

2.1.2 Wet deposition

Based on the humidity and temperature from the meteorological injattkie occurrence of
clouds is calculated. After that separately in-cloud andwbeloud ‘scavenging’ of the
transported substances are computed in the form of an exponentialptecass for the
particle massn:
m(t + At) = m(t)e ML,
For gases thim-cloud scavenging coefficient [s7] is

I

A=
HCeff

wherel [mm/h] is the precipitation raté{ is the height over which scavenging takes place

andce is effective cloud liquid water content.

The below-cloud scavenging coefficient i& = AI® where both A and B are empirical
parameters specific for each modelled gas. Sub-grid vétyabil the precipitation is also
taken into account for the wet deposition via the meteorologitalfda‘total cloud cover’,
‘large scale precipitation’ and ‘convective precipitation'of8t 2005).

2.1.3 Dry deposition

The downward flux due to dry depositiéia of a species with concentrati@at heightz is
described by a deposition velocity
vg(z) = —F¢/C(2).
For gases the deposition velocity is represented as the inverse afuimeof the following
‘resistances’

lva(2)] = [ra(2) + 1 + 7] 7"
wherer, is the aerodynamic resistance betweeand the surfacer, is the quasilaminar
sublayer resistance, and is the bulk surface resistance. These are calculated them
atmospheric boundary layer properties contained in the meteordlogpoh data and from
the land-use surface data witlHbEXPART.
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2.2 Required input data

The FLEXPART algorithm needs 3-dimensional, time-dependent meteorological and
emissions data as input for the investigated geographical regidntime period. The
weather data include wind velocities, humidity, temperafnessure, sunshine, precipitation
and turbulence in the atmospheric boundary layer. The emissions arpun the form of a

list of 4-dimensional space-time ‘boxes’ corresponding to the geits on which the
emissions data are available.

3. Weather Data

Past records of the main meteorological variables for the wiarlel or for a chosen region
can be obtained free of charge from at least two sitdee US National Centers for
Environmental Prediction (NCEP, 2014) and the European Centre foruMdRiange

Weather Forecasts (ECMWF, 2014). Since this work is sponsgredHBuropean project
(ISECA, 2014), preference was given to the latter, also be€EaEXPART contains a direct
interface to the ECMWF data. The recommended frequency ahereeecords for best
accuracy InFLEXPART is one every 3 hours; however both analyses are availablaonr6-
periods and, bearing in mind that the eutrophication simulations shouét many weeks
and months, the 6-hour interval was assumed.

The best spatial resolution for publicly available weatlkeeords is on a regular grid with
0.75 degree spacing in the ERA-Interim reanalysis (ECM\2@14). Vertically, the
resolution of this dataset is 60 levels covering the tropospmmerehe lower stratosphere
where atmospheric transport occurs. Choosing a suitable domainngoWseistern Europe
helps keep these data files to a manageable size (aboegabytes, unzipped, for each 3D
record). Avoiding too wide a region means less downloading timbdorveather data. The
selected geographical area contains the English Channel asdutinern part of the North
Sea which is the object of the present study and includesittoaisding land masses, i.e. the
‘2Seas’ Region (INTERREG, 2014). Bearing in mind that nitrogedesxwill be one of the
main species whose transport needs to be modelled, the damaxtended eastwards to
include the heavily industrialised western Germany @R A similar span is chosen to the
west of the Dover Straights {9V) and the south and north boundaries are chosen to include
most of France and Britain (44N to 57° N). All the data are in binary format and a
decoding software package&RIB_API) is freely and publicly available from ECMWEF for
use in FLEXPART (e.g. Plainiotis, 2010).

Full three-dimensional values are obtained for temperatureyaadsand northward wind
velocity components, vertical velocity and humidity. Two-dimemal (surface) data are
needed for atmospheric pressure, terrain height, solar cadialoud cover, precipitation,
heat flux, horizontal components of turbulent stress and dew-point i@iomge The three-
dimensional variables were downloaded in three groups (due ta $évaze limitations),
one month worth of data at a time, and the 2D surface varighpesain two other groups
(analysis and 12-hour forecasts, for some accumulated variaiges)in monthly files.
Decoding, de-accumulation (of precipitation and boundary turbulence atatajegrouping
were carried out to form the 6-hourly records needeBUBXPART. Figure 1 illustrates the
vertical and temporal (during one month) profile of the wind data atpamnt of the grid
located in the English Channel. In total, two full years (2009 and 2tfliheteorological
records were downloaded and pre-processed for useFuMERPART. Refinement of the
horizontal resolution of the weather data was tested with the [yublMailable software





193  package (WRF, 2014) but this was considered unnecessary for ecataphstudies and is
194  not presented here.
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Figure 1. Wind components (u — eastward, v — northwarpke vertical record in April
2009 for OE, 50.25W. The strongest winds at around model level 37 form thérgestrs;
level 60 is the ground.
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197 4. Emissions

198

199 4.1 Coarse-Grid EMEP Data

200

201  The European Monitoring and Evaluation Programme (EMEP) maintaebaite (WebDab,
202  2014) with freely available gridded emissions data for the main air pollutantsidimg
203  nitrogen oxides and ammonia. Yearly emitted quantities (Figunee2yurrently offered on a
204 50 km by 50km grid (EMEP, 2014) and a new fine grid with 0.1 degreaution (CEIP,
205  2015) is planned from 2015 onwards. The data are compiled frone#nly yeports of the
206 participating countries and can be very useful for atmosphericptreinsutrophication
207 modelling. One can see in Figure 2 that the highest nitrogen oxitissi@ns are around
208 cities and industrial areas while the highest ammonia emisarens agricultural areas. In
209 this study proprietary fine-grid data were available (see s@x$ection) and they were used
210 in place of the EMEP emissions.

211
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Figure 2. Emission of nitrogen oxides (left) and ammonidtyigs used in EMEP models
(tonnesl/year) in 2009. The white circles here and below shogitibe of Cardiff, London,
Paris, Brussels and Amsterdam.

4.2 Fine Grid

As part of the (ISECA, 2014) project, one of the partners -Rieenish Institute for
Technological Research (VITO) — provided its refined dataliasbe included in the
simulations whose results are presented here. The fine gtidisotlatabase is 7x7 km.
Emissions time profiles were also provided representing the, dadgkly and seasonal
cycles. The fine-gridded data are derived from the counpyrred totals and from
information about what is where on the ground using a unique algorittams(kt al., 2009).
In order to highlight the local contribution to local eutrophicationy @durces within the
ISECA target region (-6 to°E, 48 to 54N) are included in the simulations. The emitted
guantities are classified in the database in categories RPS8Ectors) according to the
Standard Nomenclature for Atmospheric Pollutants (SNAP, 2014yurd=i3 shows the
overall quantities emitted in the ISECA region for each sdotothe years selected in the
database.
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Figure3. Fine grid emissions tot: (Gg/yea) for eachStandard Nomenclature f
Atmospheric Pollutants (SNAP) sector in the ISECA targgibrefor representative years
1990, 2000 and 2009

It can be seen the main contributors in this geographical regio€amgbustion in energy
and transformation industries’ (SNAP sector 1), ‘Non-industrial lestion plants’ (SNAP
sector 2), ‘Combustion in manufacturing industry’ (SNAP sector 3)atRransport’ (SNAP
sector 7), ‘Other mobile sources and machinery’ (SNAP sect@n8) ‘Agriculture’ for
ammonia (SNAP sector 10). These are the data sourcesousbtiin the results presented
in Section 6. Most nitrogen oxides and ammonia emissions exhibit doanrgnds over the
years; the only exception is SNAP sector 8 which includes shippimgigh the Dover
Straights which is on the increase.

5. Model Validation

The concentrations calculated BYEXPART at a number of prescribed receptor points on the
ground can be used to check the simulation results agaaikitde measurements.

The publicly available European Air Quality Database (AirB&$¥.4) maintained by the
European Environment Agency was used to obtain measurement dat&rdgemioxides
concentrations from selected observation sites for the year 008t is the latest year for
which fine-grid emissions data were available within the ISE@#ect.) A denser network
of measuring stations (KentAir, 2014) at various locations in KeéKtalso offers free data
for that region but AirBase was chosen for the validation bedauseludes stations from
different countries under the same format. Out of the many maogtstations in the
dataset, a few suburban and rural sites (located near tle inotne target region) were
selected (Table 1) because the others, indicated in the satababeing situated by roads,
would show local variations that are not represented in thelmode

Table 1. Monitoring stations and model statistics

. Pollutf Station |East| North|Heightf RMSE, Bias, Correl.
Station CodéeTown/Place . :
ant Type deg| deg| m [normalisechormalised coeff.
BETNO12 | Moerkerke NO, | suburban| 3.3651.26| 3 0.68 -0.26 0.79
BETNO029 Veurne | NQ rural 2.5851.02] 2 0.76 -0.31 0.72
FR10007 | St. Pol-MerNO, | suburban| 2.3451.03] 3 1.06 0.78 0.77
FR1001: | Mardyck | NO, | industria |2.25151.0z| 4 1.1 0.77 0.67
FR10025 Sangatte NO suburban| 1.7750.95 2 0.99 0.33 0.64
FR10029 | Cappelld NG urban 2.3651.00p 2 1.13 0.88 0.77
FR10032 Outreau| NQO suburban| 1.5850.69| 54 0.72 -0.14 0.76
GBO0038R | Lullington NO, rural 0.18 50.79| 125 1.03 0.12 0.61
GB0617A | Rochester NO, rural 0.63 51.46| 14 1.27 0.70 0.71
GBO0737A | CanterburyNOy urban 1.1051.27] 35 0.84 -0.36 0.66
NL0023t | Huijberger| NO, rural 4,3€|51.4¢| 18 0.77 -0.04 0.64
NLOO301 | Zierikzee| NQ rural 3.9251.64| -1 0.63 -0.19 0.83
NLO0437 | WestmaasNO, rural 44551.79 -1 0.62 -0.18 0.81

The statistical quantities indicating the modelling quality (Thu@i012) for the whole of
2009 and shown in Table 1 for comparison of the model calculations staiton
measurements are the followin@MSE, normalised — root mean square error divided by the
standard deviation (SD) of the observatioBss, normalised — mean bias of the model
divided by observations SOZorel. coeff. — Pearson correlation coefficient of daily model
results and measured data. The model calculations are formnitwtgen oxides (NQ
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expressed as NO However the French stations in the table report only the coatiens of

NO,, hence the positive bias of the model results.

It should be noted, that the model does not include far-away sout€es example, if

nitrogen oxides emitted to the west of the 2Seas target

reggocaaied by the wind and

some atmospheric process (e.g. rain) causes the deposisabsténtial amounts within the

region, this will not be picked up by the current model.
negative bias for stations reporting NO
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Figure 4. Validation comparisons between modelled anduresoncentrations of
nitrogen oxides (weekly averages at selected stations) in 2009
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The comparison in Figure 4 shows weekly concentration avewdgesrogen oxides (as
NO,, in micrograms per cubic metre) at some of the monitoriagosis from Table 1. The
error-bars of the measured quantities represent the standartiotewviathe observations
calculated within each weekly average from the reported hourlgsumements. The
corresponding calculated values are the means of 7 dailysresiftut by Flexpart which are
themselves daily concentration averages.

The graphs (Figure 4) and the correlations (Table 1) show thabthputed results generally
exhibit the right trends and are in the right range of vali@gerall, the model accuracy is
acceptable for the stated purpose of showing the contribution obdhé dources to the
eutrophication in the chosen target region.
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Figure 5. Nitrogen oxides modelled scenarios in the 2%gasr

6. Computed Depositions

The results of the computer modelling of the transport by air @fg@h oxides and ammonia
from their sources to the coastal waters in the 2Seas ragiquresented here. The computer
model uses weather data and emissions data to calculatartbeadrt and deposition of these
nitrogen containing gases. The examples provided are for emigsi@d90 and 2009 and
historical weather data for 2009 and 2011. All four combinationsdsst these emission and





291  simulation years are included, so that comparisons can be anadthe effect of both the
292  emissions and the weather can be demonstrated. As menti@vezliply,only sources in the
293 ISECA chosen window (-6 t8E, 48 to 54N) are included in the simulations - to highlight
294  the local contribution to local eutrophication. In Figures 5 andtdl eannual deposited
295 quantities are shown for nitrogen oxides and ammonia. Figure 6 preésern209 NG
296 deposits which are only due to shipping and other mobile machineryydexglroad
297  transport (SNAP sector 8).

298
Emitted and Deposited in 2009
kmNOX: Ships & other mob. sour. [mg/m?]
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Figure 6. Modelled 2009 nitrogen oxides deposits from shippingted (noi-road) mobile
emitters (SNAP sector 8)
299
300 7. Analysisand Discussion
301

302  The significantly higher NQemissions in 2000 compared to 2009 (Figure 3) result in visible
303 increase in the computed depositions in Figure 5, while for ammiomidifference in both
304 emissions and depositions (Figure 7) is much smaller. Howtheerdeposited amounts of
305 ammonia are 7.5 times higher than the corresponding d&positions. This can be
306 explained with the fact that ammonia is a hydrophilic compound,the.Henry's law
307 constant (FLEXPART, 2014) for ammonia is many times higher tharcdrresponding one
308 for nitrogen oxides.

309

310 In Figure 6, showing the deposition map for SNAP sector 8, the shuspping routes
311 through the narrow Strait of Dover as well as the seaborrie tsafrounding the port areas
312  of Antwerp and Rotterdam dominate deposition and become visible amothour plot. The
313  high deposition rate is due first to the fact that shipping igrthim pollutant within SNAP
314  sector 8 and, second, as the smoke of the ships engines is draglgedip’s wake over the
315 sea surface, it has greater chance to react with ther \@aectly while inland emissions
316  undergo a longer cycle of transport to the clouds and depositiotheitiain.

317

318 The influence of the weather on the atmospheric deposition ofjarirnutrients can be seen
319 by comparing the left and right halves of Figures 5 and 7: 2011 viastdan 2009
320 (illustrated in Figure 8 showing actual recorded rainfall ie¢htUK locations) which results
321 in lower deposits, especially of NOMost pronounced are the differences in nitrogen oxides
322 depositions over England where the 2011 quantities are on averag®wiynt lower than
323 in 2009. The quantities emitted within the model domain but not depo#iere are
324 transported by the wind across the domain boundaries.

325
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327
328
329
330
331
332

333

The model set-up is operational; new meteorological databeafreely downloaded and
further simulations can be done with either free or proprietaigsons data as needed. Itis
quite possible to run the model with emissions data avaifedsie previous years (e.g. from
EMEP) and with current meteorological data — in this waymesés can be made of the
atmospheric input (e.g. during the winter months) which can help ptédioccurrence of
potentially harmful algal blooms in the spring.
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334 The simulation results can be used in a number of ways to highbgious aspects of the
335 problem of coastal waters eutrophication: The combined contriballi@NAP sectors from
336 the sources in the chosen region can be displayed graphically (Bgures 5, 7) or
337 numerically for the areas of interest. The effect of anthef SNAP sectors can be traced
338 individually (as in Figure 6). The emitted quantities whichehawet been deposited within
339 the target domain but are transported through its boundaries are deoveddhe duration of
340 the simulation and can be analysed. The effect of the areedin be investigated by running
341 the same emissions with meteorological data from two or mdexetht years (as in Figures
342 5and7).

343

344 The presented results show that, of all seas in the ingt=tiigegion, the coastal areas of
345 Belgium and the Netherlands receive the highest depositions ofNé@athand ammonia.
346  These atmospheric deposits are in addition to the riverine iaguthiown by other models
347 (Vermaat 2012; Shutler, 2011; Lacroix, 2007). Those models, backed by tsatelli
348 observations, indicate the waters near the continental (fe@sich, Belgian and Dutch) of
349 the eastern English Channel and the southern North Sea as usamlhg the highest
350 concentrations of chlorophydl-which means those are the zones with the most severe
351 eutrophication in the 2Seas region. So the atmospheric depostindate to making that
352  eutrophication even worse.

353

354  Further improvement of the model is possible in the following walise meteorological
355 time-step can be reduced from 6 hours to the recommended 3 htmis 2805). In the
356 ERA-Interim dataset (ECMWEF, 2014), 3-hourly records are availablshort-term (12-hour)
357 forecasts run twice daily. Although this shorter time-stemase appropriate for tracing
358 single pollution events, the enhanced accuracy may be usefugtimagng the atmospheric
359 input of nutrients to the sea water in the days and weeks iratedpreceding an algal
360 bloom (e.g. in April; Lacroix, 2007). Around critical emittingeas, e.g. Brittany in France
361  where significant quantities of ammonia is released by agricfigeare 2, right), it may be
362 appropriate to refine the resolution of the weather informatiah the help of a numerical
363 weather prediction package (WRF, 2014). In such a way the tgndérmanmonia to be
364 deposited nearer to the source will be better resolved and fineatestof this route of
365 eutrophication of the surrounding seas will become more accuratae or two years, when
366 emissions data with the improved spatial resolution of 0.1 detpemsme freely available
367 (CEIP, 2015), the model can be adjusted to provide better edirfveith or without WRF
368  weather refinement) of the local polluters’ contribution toltlval eutrophication in selected
369 regions. Then comparisons can be made with the trans-boundary polkitatated and
370 reported by EMEP thus helping local policy decisions.

371

372 8. Conclusions

373

374 A model of the atmospheric transport of pollutants responsibleutoohication has been
375 constructed, which couples the effects of pollution emitting ssumeithin the area of
376 interest, with weather dynamics. A Lagrangian PartickpBision approach is used (the code
377 FLEXPART) to model atmospheric transport and deposition. Witisstoms databases
378  which contain information about the types of pollutant sources (RA4PSectors) the model
379 can distinguish between the various emission sources highlighigirgcontribution to the
380 deposited quantities. In this way the effect of different incalstectors and agriculture on
381 airborne eutrophication can be estimated. A discretisatiorethploys coarse-grid weather
382 data and fine-grid emissions data shows that: (a) Ammongs®nsible for the largest share
383  of nitrogen deposits from the atmosphere. This can be explainkdhei fact that, being
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more soluble, ammonia is deposited more easily and nearer tloesoOwrerall, agriculture
contributes more (in the form of ammonia) than all the local Bi&irces. (b) In contrast,
nitrogen oxide emissions are more likely to leave the regionbandeposited elsewhere.
(Far-away emissions which may be carried by the wind and be tiposithe 2Seas region
are not part of these simulations.) (c) Heavy nutrient loawh the atmosphere to the coastal
waters of Belgium and the Netherlands is observed in thedsyesi model scenarios.

When used with near real-time weather data (freely alaitmom ECMWF) the presented
model can, in conjunction with other models for the riverine inpututfients, be used to
forecast algal blooms in the eastern English Channel and the soutloetin Sea.
Alternatively, retrospective calculations with historicaather records can help analyse and
understand the mechanisms and evolution of the atmospheric pdré @utrophication
phenomenon.
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Response to Reviewers

Response to Reviewers
Ref. ATMENV-D-14-01145R1
Modelled Atmospheric Contribution to Nitrogen Eutrophication in the English Channel and
the Southern North Sea

At various points the text refers to '2Seas Region' (or 2-Seas depending on where one looks in
the MS). 1 had to hunt for the definition of this, which appears in line 172. It would be good
to define this region in the Abstract, to help the reader keep track of what is meant.

This is now done and the form ‘2Seas’ (without a hyphen) is used throughout the manuscript
when referring to the geographical region; in the Acknowledgements ‘2-Seas Programme’ is
quoted with a hyphen for better clarity.

Figure 2: it would be helpful to indicate in the legend that cities are shown as white circles
(even more helpful would be to put city names or abbreviations on the maps, and define them
in the legend)

The main cities are now listed within the legend in the order they appear on the maps from
left to right and the phrase “here and below” was included to show these will be the same on
all the figures. (Inserting labels with the names of the cities manually into the Encapsulated
PostScript EPS picture files was not done because those might obscure the shaded contour
plots.)

The legend for Figure 3 is not helpful. Please define 'SNAP* (I missed this in the text first time
round, and | assume the 'sectors' mentioned in lines 228-234 are 'SNAP' sectors. If so, please
say so in the text rather than just 'sector’).

Legend and text were changed accordingly.

The various figures, especially Figure 7, show enhanced areas of nitrogen (in one form or
another) deposition and hence flag these areas as potentially high risk areas for algal
blooms/eutrophication. I could not get any sense from the text as to where eutrophication
(enhanced or otherwise) had actually been observed in these areas. It would be helpful to
indicate this in the text (perhaps around lines 347-363). If this has not been done, it should
be mentioned as further work.

Two new references (Shutler, 2011; Lacroix, 2007) with text describing where the highest
eutrophication occurs have now been added on lines 347 to 352. Also, on line 360, we now
mention when these blooms happen.





*Highlights (for review)

Weather data, emissions data and Lagrangian computations form the numerical model.
Deposition maps in a target geographical region are produced and compared.
Individual polluting industrial or transport sectors can be traced.

Atmospheric deposition of nitrogen eutrophicants increases in wet weather.

Heaviest atmospheric deposition adds to high riverine input in some coastal regions.
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Figure 4-top
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Figure 4-middle
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Figure 4-bottom
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Figure 5-top-right
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Figure 5-bottom-left
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Figure 5-bottom-right
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Figure 6
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Figure 7-bottom-left
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Figure 7-bottom-right
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