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Abstract. Dry deposition is an important removal mechanism for tropospheric ozone (O3). Currently, O3 deposition to oceans
in atmospheric chemistry and transport models (ACTMs) is generally represented using constant surface uptake resistances.
This is-despite-the-fact-thatconsidering-the-occurs despite the role of solubility, waterside turbulence and Os reacting with ocean
water reactants such as iodide results in substantial spatiotemporal variability in O3 deposition and concentrations in marine
boundary layers. We hypothesize that Oz deposition to the Arctic ocean, having a relatively low reactivity, is overestimated
in current models with consequences for tropospheric concentrations, lifetime and long-range transport of Os. In-this—stady;
we-We investigate the impact of the representation of oceanic O3 deposition to the simulated magnitude and spatiotemporal
variability in Arctic surface Os.

We have integrated the Coupled Ocean-Atmosphere Response Experiment Gas transfer algorithm (COAREG) into the mesoscale
meteorology and atmospheric chemistry model Polar-WRF-Chem (WRF) which introduces a dependence of O3 deposition on
physical and biogeochemical drivers of oceanic O3 deposition. We-have-also-Also, we reduced the O3 deposition to sea ice and

snow. Here, we evaluate fh&peffeﬁﬂaﬂe&e%\VRFﬂiid—fheM CAMS reanalysis data against hourly- averaged surface 03

observations at 25 sites (latitudes > 60 °N)in

This is the first time such a coupled modelling system has been evaluated against hourly observations at Pan-Arctic sites to
study the sensitivity of the depesition-scheme-to-the-magnitude-and-shert-term-magnitude and temporal variability in Arctic
surface O3 MWWMW@WMW&WRF to
the synoeptic-conditionsfromthe ECMWF ERAS reanalysis data en-si
and-simulated-Osconeentrationsto ensure adequate meteorological conditions to evaluate surface Os.

We show that the mere-mechanistic representation of O3 deposition over oceans and reduced snow/ice deposition improves

simulated Arctic O3 mixing ratios both in term

implemented-appreachmagnitude and temporal variability compared to the constant resistance approach. Using COAREG, O;
deposition velocities have-beensimutated-are in the order of 0.01 cm s compared to ~0.05 cm s™! in the constant surface

uptake resistance approach. The simulated monthly-mean spatial variability in the mechanistic approach (0.01 to 0.018 cm s™!)
expresses the sensitivity to chemical enhancement with dissolved iodide whereas the temporal variability (up to = 20% around
the mean) expresses mainly differences in waterside turbulent transport. The biasfor-all-observatioral-mean bias for 6 sites
above 70 °N reduced from -7-7-3.8 ppb to 0.3 ppb with nudging-and-the revision to ocean and snow/ice deposition. Our study
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confirms that O3 deposition to high-latitude oceans and snow/ice is generally overestimated in ACTMs. We recommend that
a mechanistic representation of oceanic O3 deposition should-be-used-is preferred in ACTMs to improve the representation-of

modelled Arctic surface Oz concentrations in terms of magnitude and shert-term-temporal variability.

1 Introduction

Tropospheric Ozone (Oj3) is the third most important greenhouse gas and a secondary air pollutant negatively affecting
human health (Nuvolone et al., 2018) s-and plant growth (Ainsworth et al., 2012) and-artificial-materials—such-as—rubber
{Eeeetal51996)-due to its oxidative character. O3 shows a large spatiotemporal variability due to its relatively short life-
time (3-4 weeks) in the free troposphere compared to other greenhouse gases. Its main sources are chemical production and
entrainment from the stratosphere. Its main sinks are chemical destruction and deposition to the Earth’s surface (Young et al.,
2018; Tarasick et al., 2019). Understanding the Arctic O3 budget is of particular interest because its remote location implies that
anthropogenic sources and sinks are generally absent. This makes-implies that these Arctic O3 observations exeelentindieators
for-global-trend-analysis-allow to determine large-scale trends in tropospheric O3 (Helmig et al., 2007a; Gaudel et al., 2020;
Cooper et al., 2020). In the Arctic, routine tropospheric O3 observations indicate an increasing trend up to the early 2000s
which is leveling off (Oltmans et al., 2013; Cooper et al., 2014) or decreasing at individual sites (Cooper et al., 2020) in the
last decade. This upward trend can be attributed to increased emissions of precursors in the mid-latitudes (Cooper et al., 2014;
Lin et al., 2017)

but also stratosphere-to-troposphere transport may have played a role (Pausata et al., 2012). Local emissions of precursors are

expected to become an important source of Arctic O3 concentrations due to the warming Arctic climate and increasing local

economic activity (Marelle et al., 2016; Law et al., 2017). This underlines the need for understanding the sources and sinks of

Arctic tropospheric O3 and to accurately represent them in atmospheric chemistry and transport models (ACTMs).

On the global scale, dry deposition accounts for ~25% of the total sink term (Lelieveld and Dentener, 2000) in ACTM simula-

tions and is especially important for the Oz budget in the Atmospheric Boundary Layer (ABL)beecause-it-oceurs-at-the Earth’s
- i - = — - . Dry deposition in ACTMs is often represented as a resistance

in series approach (Wesely, 1989). In-this-appreach-Herein, the total resistance Iy is-the-sum-consists of three serial resistances:

the aerodynamic resistance (ry) representing turbulent transport to the surface, the quasi-laminar sub layer resistance (I,) rep-
resenting diffusion close to the surface and the surface resistance (rs) expressing the efficiency of removal by the surface.

The dry deposition velocity (Vq) is then evaluated as the reciprocal of r¢. The ry term is+

and-mainly depends on the stability of the atmosphere and friction velocity (ux) (Padro, 1996; Toyota et al., 2016). The ry

term also scales with u+ and varies with the diffusivity of the chemical species (Wesely and Hicks, 2000). Ferveryseluble-or
. ~ . ~ “1y e . .

eactive-speetes-such-ash d-uptake-by-the-ocean-wateris—veryfast-Ge¥sof~0-5m mplying-thatthe-otherreststan

determineFrand-thus-Vqg—ess-seluble-Low solubility gases like O3 have a high rg, in comparison to the relatively small ry

+ I'p term, that dominates the magnitude of the O3 dry deposition velocity (Vg.0,). Thus, accurately representing the surface

uptake efficiency of O3 is crucial. During episodes of low wind speeds, the s + I', term can pose an additional restriction on
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Observed @deposrtlon to oceans (e.qg. Chang et al., 2004; Clifford et al., 2008; Helmig et al., 2012) and coastal waters (e.qg.
Gallagher et al., 2001) is relatively slowQ 01-0.1 cm é) i

budget due to the Iarge surface area of water bodies (Ganzeveld et al., 2009, Hardacre et aI., 2015). Recent experimental an

modelling studies indicate the spatiotemporal variability in oceaniafgBake ef ciency (Ganzeveld et al., 2009; Helmig et al.,

2012; Luhar et al., 2018). However, most ACTMs ofteit--use a constant Qsurface uptake ef ciency of 2000 cm‘go

water bodies, proposed by Wesely (1989), resulting in a simulated ageanof 0.05 cm &. The observedy.0, shows a

larger variability including also a dependency on wind speed and Sea Surface Temperature (SST) (HeImig et al., 2012). The

a strong chemical enhancement of oceanid€position associated with its chemical destruction through oxidation of ocean
water reactants such as dissolved iodide and dissolved organic matter (DOM) (Chang et al., 2004). Mechataptisi@on

|od|de is deemed to be the main reactant @ﬁr@surface waters (Chang etal., 2004) and therefore often applred in these repre-
sentations. Some studies only consider dissolved iodide as a reactant (Luhar et al., 2017; Pound et al., 2019) whereas Ganzeve
et al. (2009) also included DOM as one reactant contributing to the chemical enhancement of ogel@picsion However,

Up until now, earlier studies on global scale oceanicd®position (Ganzeveld et al., 2009; Luhar et al., 20h@)rly-relied

on-the-evaluationef-evaluatedmonthly mean surface fobservations (Pound et al., 2019). The implementation of these
mechanistic exchange methods in ACTMs, in particular the method proposed by Luhar et al. (2018) using a two-layer model
representation (compared to a bulk layer version by Ganzeveld et al. (2009)), result8@®4areduction of the global mean

Vi.0, Which affects the tropospherics®@urden (Pound et al., 2019). The mechanistic representation in Pound et al. (2019)
especially results in a simulated decreas¥sg , to cold polar waters with relatively low reactivity. Simulatéglo , can be as

low as 0.01 cm$ compared to the commonly appli®f.o, of 0.05 cm &' in the constant surface uptake resistance approach
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(Pound et al., 2019). However, the hypothesized deposition reduction to cold waters is expected to substantially affect Arctic

Arctic O3 forecasts, e.g. the air quality forecasts by the Copernicus Atmosphere Monitoring Service (CAMS) (Inness et al.,
2019).

ticipated long-term (e.g. seasonal) changes in ocean water biogeochemical conditions (Sherwen et al., 2019). This eval-

uation of Arctic spatiotemporal pconcentrations aims to better understaBMes—preeesses>§eedleaek%trcrdirrhpaetsetE

(eg%are%eetal—zei&hawe%al—%%ehmatee%al—zmlhermore the prorected opening of the Arctic ocean, as a
result of climate change, urges to improve our understanding of Arctic ocean-atmosphere exXd¢hangealyfocusenthe

We aim to identify and quantify the impact of a mechanistic representatiory afefosition in explaining observed hourly

Arctic surface @ concentrations, both in terms of magnitude and temporal variability. A mesoscale coupled meteorology-
atmospheric chemistry model is evaluated against a large dataset of pan-Arciis€vations at a high resolution (hourly)
timescale for the end-of-summer 2008. Having a much higher spatial and temporal resolutions compared to other global

of meteorology in srmulatrng these;@oncentrations by nudgrng the simulated synoptic conditions towards an atmospheric re-

analysis datase®
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2 Methods
2.1 Regional coupled meteorology-chemistry model

We use the Weather Research and Forecasting model (v4.1.1) coupled to chemistry (Chem) (Grell et al., 2005) and optimizec
for Polar regions (Hines and Bromwich, 2008). Polar-WRF-Chem (hereafter: WRF) is a non-hydrostatic mesoscale numerical
weather prediction and atmospheric chemistry model used for operational and research purposes. Figure 1 shows the selecte
study area including the locations of surface @servational sites selected for this study (more information in Sect. 2.3).
WREF is set up with a polar projection centered atl90p250 250 horizontal grid points (3030 km resolution) and 44 vertical

levels up to 100 hPa, with a ner vertical grid spacing in the ABL and lower troposphere. The simulation period is 08-August-
2008 to 07-September-2008 including three days of spin-up. This end-of-summer 2008 period is chosen: 1) to limit the role of
active halogen chemistry during springtime (Pratt et al., 2013; Thompson et al., 2017; Yang et al., 2020) and 2) the additional
availability of O; observations in the high Arctic over sea ice from the ASCOS campaign (Paatero et al., 2009). The ECMWF
ERAS5 meteorology (0.25 0.25) (Hersbach et al., 2020) and CAMS reanalysis chemistry (0.0575 ) (Inness et al., 2019)
products are used for the initial and boundary conditions. Boundary conditions, SSTs and sea ice fractions are updated every
three hours to these reanalysis products to allow for the sea ice retreat during the simulation. Other relevant parameterizatior

schemes and emission datasets have been listed in Tab. A1 and are mostly based on Bromwich et al. (2013).
2.1.1 Nudging to ECMWF ERA5

The rst WRF simulation, without any adjustments tg @eposition, indicated that WRF was misrepresenting the temporal
variability in surface @ observations, most prominently starting from a few days into the simulation. We hypothesize that

this misrepresentation is caused by deviations in the synoptic conditions in the free running WRF sirrHtmkemWF%F
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Figure 1. WRF domain including sea ice and snow cover at the start of the simulation. Locations with surface obseryatiensdiated in
green (High Arctic), magenta (Remote) and cyan (Terrestrial) (see Sect. 2.3). The drifting path of the ASCOS campaign during the simulation

is indicated with the black line.

2.2 Representation of ocean-atmosphere gas exchange

The Coupled Ocean-Atmosphere Response Experiment (COARE) (Fairall et al., 1996) has been developed to study physica
exchange processes (sensible heat, latent heat and momentum) at the ocean-atmosphere interface. Later, COARE has been
tended to include the exchange of gaseous species such disrethyl sul de (DMS) and carbon dioxide (GP(Fairall et al.,

2011). Many studies have used the COARE Gas transfer algorithm (COAREG) in combination with eddy covariance measure-
ments to study the effects of wind speed and sea state on ocean-atmosphere gas exchange (e.g. Helmig et al. (2012), Blomqui
et al. (2017), Bell et al. (2017), Porter et al. (2020)). Furthermore, the COAREG algorithm has also been previously used in
global O; modelling studiessanzeveld-etat{266(03anzeveld et al., 2009). The choice for COARE&ecean-atmesphere
exchangearameterizatiois further motivated by the consistent coupling with other species such as DMS.

Here we use COAREG version 3.6, which is extended with a two-layer scheme for surface resistance compared to the previous
version described by Fairall et al. (2007, 2011). The two-layer scheme is similar to Luhar et al. (2018) building upon a rst
application of a 1-layer version of COAREG by Ganzeveld et al. (2009). In that study, chemical enhancement ofgamean O

position by its reaction with iodide was considered using a global cllmatology of ocean surface water concentrations of nitrate

serving as a proxy for oceanic iodide concentrationsg)

reactanfor-Os-in-oceanwater{Changetal;2004 Besides nitrate, satellite-derived chlorophyleoncentrations have been
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used as a proxy fordy (Oh et al., 2008). Since then, alternative parameterizations of ocegnitale been proposed (e.g.
MacDonald et al., 2014) using SST as a proxy for this reactant. In COAREG, chemical reactivigyatiQ 54 is present

through the depth of the oceanic mixing layes. 18ss by waterside turbulent transfer is negligible in the top water layer (few
micrometers), but is accounted for in the underlying water column. The waterside turbulent transfer term is especially relevant
for relatively cold waters because the chemical enhancement term is then relatively low (Fairall et al., 2007; Ganzeveld et al.,
2009; Luhar et al., 2017). The last two important waterside processes that determine the wdploSition are molecular
diffusion and solubility of @ in seawater which both depend on the SST. In Appendix B we list the formulation of the air- and
waterside resistance terms in the COAREG routine applied in this study and show the sensitivity to the environmental factors
wind speed, SST andy}, for typical Arctic conditions.

th-this-study;the The COAREG algorithm is coupled such that WRF provides the meteorological and SST input for the
COARERG routine. In turn, the COAREG calculated ocean-atmosphere exchange velocities are used in the WRF model to
calculate the oceanicQleposition ux replacing the default oceanig @eposition uxes calculated by the Wesely (1989)
scheme re ecting use of the default constenbf 2000 s mt. For grid boxes with fractional sea ice cover, COAREG replaces

the Wesely deposition scheme for the fraction that is ice free. Note that in this study, pole@n-atmosphere exchange is
represented by COAREG not having modi ed simulations of ocean-atmosphere exchange of other compounds (e.g. DMS).
Moreover, we apply the monthly-meanddistribution by Sherwen et al. (2019) (0.1250.125 resolution) which applies a
machine learning approach, namely the Random Forest Regressor algorithm (Pedregosa et al., 2011), using various physice
and chemical variables such as SST, nitiatéchiorephyii—, salinity andmixed layer depth. This distribution replaces the

previously applied kg estimations only using SST (Chance et al., 2014; MacDonald et al., 2014). At high latitudes, these
I"aq distributions are highly uncertain due to the limited number of observatidmsever;the The choice for Sherwen et al.

distribution of f,q used in the calculation of thes@leposition velocities-COAREGeoupledte-the WRFmedel. Using the
Sherwen et al. (2019) distribution for August/September we forimivelyhighl ;g concentrations ranging between 30 nM

and 80 nM for the open oceans up to 130 nM in coastal waters. In MacDonald et al. (2014) and Chance et al {2i314), |

solely a function of SST which leads tg{in the order of 5 to 50 nM and thus low reactivity ang @eposition velocities.
2.2.1 Deposition to snow and ice

Reported atmosphere-snow gas exchange spans a wide range of obsedegb§ition velocities. Some studies even report
episodes of negative deposition uxes (emissions) over snow or sea ice (Zeller, 2000; Helmig et al., 2009; Muller et al.,
2012). Clifton et al. (2020a) recently summarized observedi€position velocities to snow having a range of -3.6 to 1.8

cm st with most of the observations indicating a deposition velocity between 0 and 0.1! dor snultiple snow covered
surfaces (e.g. grass/forest/sea-ice). GenerallyreOz concentrations in the interstitial air of the snowpack is lower than in
the air above making it a not a direct source gfi@terms of emissions (Clifton et al., 2020a). However, the emissiong of O

precursors from the snowpack can enhanggf@duction in the very stable atmosphere above the snowpack (Clifton et al.,
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2020a). Helmig et al. (2007b) investigated the sensitivity gfabal chemistry and tracer transport model to the prescribed

Os deposition velocity and found best agreement between modelled and obsereedd@ntrationst four Arctic sitesby

applying deposition velocities in the order of 0.00-0.01 ¢k Bollowing Helmig et al. (2007b) we have increased the O
surface uptake resistanag ) for snow and ice land use classes td $0nt. This corresponds to total deposition velocities
of 0.01 cm &, which is a reduction of 66% compared to the Wesely deposition routine that is the default being applied in

WREF (Grell et al., 2005)Effectsofthismeodi-cationarefurtherexaminedn-Seet3-1-

2.3 Observational data of surface ozone

The new modelling setup, including nudging to ECMWF ERA5 and the revisedeposition to snow, ice and oceans, is
evaluated against observational data of pan-Arctic surfaceo@centrations. We expect that the different representation of

O3 deposition mostly affects £concentrations in the ABL. Therefore, we evaluate our simulations against hourly averaged
surface @ observations from 25 measurement sites aboveN&a(T hese sites are further categorized in three site selections:
'High Arctic', 'Terrestrial' and 'Remote’. High Arctic refers to sites having latitudes > ™ and for which we expect that

the deposition footprint is a combination of ocean and sea-ice (e.g. Helmig et al., 2007a). The Terrestrial sites are located

below 70 N and show a clear diurnal cycle in observeg

average observed maximum daytime mixing ratio during themonth of simulation. This criterion is based on a preparatory

analysis of the observational data, footprint and site characteristics. The Remote sites have been identi ed as such based ol
their location below 70N and showing no clear diurnal cycle ig@oncentrations. The analysis also includes the observations
during the Arctic Summer Cloud Ocean Study (ASCOS) campaign, when the icebreaker Oden was located in the Arctic sea
ice (Tjernstrom et al., 2012). In total, 25 surface @easurement sites are included (Fig. 1) of which 6, 8 and 11 sites are
characterized High Arctic, Remote and Terrestrial sites, respectively. A full list of available measurement sites is available in
Tab. D1.

2.4 Overview of performed simulations

nAudgingsbutalso includes the adjustments to the @eposition to oceans as described in Sect. 2.2 and théefosition
to snow and ice as described in Sect. 2.2.1. Furthermore, we also compare our results with the the state-of-the-art CAMS
global reanalysis data product (Inness et al., 2019). This product has a temporal resolution of 3 hours, a spatial resolution of
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0.75 0.75 and does not include a mechanistic representation of ocean-atmosptexeh@nge. CAMS assimilates satellite

observations of @but it does not assimilate{®bservations from radiosondes or in situ measurement sites such as the 25 sites

3.1 Dry deposition budgets and distribution

Figure 2a and Fig. 2b show the mean deposition velocities for the NUDGED and COAREG runs, respectively. As expected,
in the NUDGED run (Fig. 2a) the meary.o, to oceans are in the order of 0.05 crh urthermore, the spatial distribution
shows a relatively low heterogeneity and no increase in deposition velocities towards the warmer waters. The COAREG run
(Fig. 2b) provides a meay.o, in the order of 0.01 cm$for the Arctic ocean > 7(N up to 0.018 cm$ for oceans with

high I'yq concentrations (Fig. C1). Simulated oceanicd@position is elevated in coastal waters (e.g. Baltic Sea and around
the Bering Strait) withh, concentrations reaching up to 130 nM compared to 30-50 nM for the open Arctic ocean waters (Fig.
C1). This highlights the sensitivity of the COAREG scheme to chemical enhancement with dissolved iodide.

Figure 2c shows the temporal variability ¥y.0, for one of the grid boxes, which is in terms of temporal variability repre-
sentative for the whole domain. The temporal variability in the NUDGED run is mainly governed by temporal variability in
ro. During episodes with high wind speeds (> 10 #),5, becomes so small that it is negligible over the constant surface
uptake resistance of 2000 slincorresponding to a maximuW.o, of 0.05 cm &. During episodes with low wind speeds

(<5 m s'), reduced turbulent transport poses some additional restrictiory sarval with increasing, which reduces the

Vg0, 1o 0.04 cm &. In the COAREG run, temporal variability ¥q.o , is also governed by wind speeds that controls the
waterside turbulent transport of;@h seawater besides atmospheric turbulent transport. For high wind speeds, the waterside
turbulent transport increases (Fig. B1) and moga<ransported through the turbulent layers. For our simulation, we found
that the temporal variability in ©deposition due to waterside turbulent transport can be u@ around the mea@nly
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COAREGrun. Overall, theVy.0, to oceans in the COAREG run is reduced b§0-80% compared to the NUDGED run. The

meanVy.o, to snow and ice is reduced by66%, from 0.03 cm & in the NUDGED runto 0.01 cm & in the COAREG

run.

The temporal evolution in oceanicz@eposition velocities simulated by the COAREG run appears to be on the low side of
observed and elsewhere simulatégh , (e.g. Chang et al., 2004; Oh et al., 2008; Ganzeveld et al., 2009). Chang et al. (2004)
showed thaVy.0, can increase by a factor of 5 with wind speed increasing from 0 to 28.ruhar et al. (2017) (Figure 7)

shows a wide range of observed and simulated sensitivities to wind speed. Observations from the TexAQS06 summer cam-
paign in the Gulf of Mexico show a large sensitivity to 10-meter wind speeds even though the model seems unable to capture
these high deposition velocities at high wind speeds (Luhar et al., 2017). However, Luhar et al. (2017) also shows that for the
GasEx08 campaign in the cold Southern Ocean the sensitivity of observed and sindylated 10-meter wind speeds is very

to the older one-layer scheme due to a more limited interaction between chemical reactivity and waterside turbulent transport
(Luhar et al., 2017). Furthermore, the variability around the mean presented in Tab. 1 (0000@2 cm &) seems to corre-

spond to Oh et al. (2008) (0.0160.0015 cm ¥) 1 month simulation including ©removal by 1,q. In this study we show the
intramonthly variability in oceanic ©deposition which is expected to be relatively low compared to the seasonal variability
which will also be driven by temporal changes in solubility and reactivity due to the seasonal changes in ST and |

By estimating the total deposition ux for the water, snow/ice and land surfaces we can gquantify the total simyldegbO

sition budget (Tab. 1) for the Arctic modelling domain. Land, not covered with snow or ice, is with 48% the dominant surface
type for this speci ¢ domain setup in summer. Combined with a relatively high simulated of 0.45 cm & this is the

most important sink, in terms of deposition, of simulategv@h 135 Tg G yr!. The simulated @deposition budget to

water bodies, covering 37% of the total surface area, contributes in the NUDGED1G¥ (15.4 Tg Q yr?) to the total Q
deposition sink. In the COAREG run, this reduces to onB26 (4.6 Tg Q yr?) of the total Q deposition sink. Simulated O
deposition to snow and ice, covering 15% of the total surface area, is the least important deposition sink removing 4.1 and 1.7

Table 1. Mean simulated @deposition velocity ( Standard deviation) [cm’§ and total simulated deposition budget [Tg @] for the
NUDGED and COAREG runs to water, snow/ice and land each representing 37%, 15% and 48% of the total surface area respectively. The
standard deviation gives an indication of the spatiotemporal variability in simulatee@sition velocities.

Water (37%) Snow/Ice (15%) Land (48%) | Total (100%)
Deposition velocity ( Std.) [cm &1] | 0.047 ( 0.003) 0.030 ( 0.000)  0.449 ( 0.225)

NUDGED B
Deposition budget [Tg ©yr?] 15.4 4.1 133.4 152.9
COAREG Deposition velocity ( Std.) [cm 1] | 0.012 ( 0.002) 0.010( 0.000)  0.448 ( 0.251)
Deposition budget [Tg @yr?] 4.6 1.7 135.8 142.1

10
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Figure 2. Spatial distribution of the mean simulated Geposition velocity to snow/ice and oceans [ch} ®r the (a) NUDGED and (b)
COAREG simulations and (c) temporal variation in@&position velocity [cm$] for the NUDGED (red) and COAREG (green) simulations.
The red and green markers in (a) and (b) indicate the location of the time series shown in (c). To give an indication of the sea ice extent, the

white contours show the sea ice fraction of 0.5 at the start of the simulation.

3.2 Simulated and observed monthly mean surface ozone

Figure 3 shows the spatial distribution in the simulated mean surfaoeiXxing ratios overlain with the observed mean surface

O3 mixing ratios. In the NUDGED and COAREG runs (Fig. 3a and Fig. 3b respectively) we nd similar surtaoexing

ratios of 15-20 ppb over the Russian and Canadian/Alaskan land masses. Over Scandinavia, slightly higher sorface O

ing ratios of 20-25 ppb are simulated due to more anthropogenic emissions of precursors in the EDGAR emission inventory
and advection of @and its precursors from outside the domain. As expected, we nd a limited effect of reduced deposition
to water and snow/ice to the simulated meann@xing ratios over land. In general, the model appears to simulate the mean
observed surface £mixing ratios for the Remote and Terrestrial sites (all sites <NPgenerally well without clear positive

though the deposition velocity to snow and the surrounding oceans is of similar magnitlidd ¢m s).

The reduced @deposition to water and snow/ice surfaces, comparing the NUDGED and COAREG simulation results (Sect.
3.1, Tab. 1), appears to be limited in terms of relative chang&g.&n, and the total simulated £deposition budget. How-

ever, these relatively small changes do substantially affect the simulated spatial distribution of synfaigen@ ratios over

oceans and sea ice as indicated in Fig. 3. We nd that the NUDGED run (Fig. 3a) systematically underestimates the mean
observed surface £mixing ratios for the High Arctic sites (all sites > 7\) by 5-10 ppb which appears to be caused by

an overestimated deposition to ocean, snow and ice surfaces, also further substantiated by the following astadysigeh

and atmospheric turbulence is relatively weak. This suppresses vertical mixing and entrainmgmicbf& from the free
troposphere. Dry deposition of;@o the ocean or snow/ice surfaces appears to be an important removal mechanism that has a
large impact on @concentrations in these shallow ABLs (Clifton et al., 2020b) both in terms of magnitude but also temporal

11






