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Abstract. A new module for calculating the dry deposition of trace gasepresented and implemented in the Model of
Atmospheric composition at Global and Regional scalesguBimersion Techniques for Trace gas Emissions (MAGRITTE
v1.0). The dry deposition velocities are calculated usirgs®ly’s classical resistance-in-series approach. Waligeng on
analyses of the European Centre for Medium-range Weathecasts (ECMWF) for meteorological fields, the aerodynamic
resistance calculation module is based on the ECMWF modedtams for turbulent transfer within the surface layereTh
stomatal resistance for water vapour is calculated usireyasitype parameterization in a multi-layer canopy emwvinent
model accounting for the leaf area index (LAI). The gas-plaifusion coefficients needed to relate the stomataltasies of
different species are calculated from molecular strucfline cuticular, mesophyll and soil resistances depend®sfbcies
reactivity and Henry’s Law constant (HLC). The HLCs of or@gaspecies for which no experimental data is available are
estimated using a newly-developed prediction method baseexisting methods for vapour pressures (EVAPORATION,
Estimation of VApour Pressure of Organics) and infinite tiliio activity coefficients (AIOMFAC, Aerosol Inorganic Cagic
Mixtures Functional groups Activity Coefficients).

Acknowledging the dominance of stomatal uptake for ozorwyed@éposition, the stomatal resistance model parameters for
6 of the 7 major plant functional types (PFT) are adjustecddam extensive model comparisons with field measurements
of ozone deposition velocity at 24 sites worldwide. The miedeOVOC deposition velocities for 25 different OVOCs are
evaluated against field data from a total of 20 studies. Tinepewison shows the need for a species-dependent adjustment
the canopy resistances in order to match the observed ilayianong different species. This is realized by multiply the
HLC of each OVOC by a species-dependent paramgtadjusted based on the comparisons. The valugs span a wide
range, from values of the order of unity or less for formaigihand several trifunctional compoundsth0* for compounds
seen to deposit rapidly despite their low water-solubilige MVK, MACR, CH3CHO and PAN. Despite the acknowledged
caveats of the approach, the resulting modelled deposittotities are consistent with the existing experimengahdThe
results of global-scale MAGRITTE model simulations dentmate the importance of OVOC dry deposition on their global
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abundance. It is found to remove from the atmosphere thevalguai of 27% of the global NMVOC emissions on a carbon
basis, as well as about 8% of NOx emissions in the form of aogaitrates and PAN-like compounds.

1 Introduction

Dry deposition is a major removal process for a large numbbertmospheric pollutants such as ozone, hydrogen perox-
ide, and sulfur and nitrogen oxides (Wesely, 1989). Beirsgp @n important sink of the oxygenated volatile organic com-
pounds (OVOCs) (Karl et al., 2010), it affects the abundawfcerganic and inorganic acidifying substances (Brook gt al
1999; Sanhuezaet al., 1996), the fluxes of organic and inargetrogen to ecosystems (Paulot et al., 2018), the nagcti

of the hydroxyl radical (Nélscher et al., 2016) and the fatiotaof secondary organic aerosol (SOA) (Glasius and Geidts
2016). Whereas the dry deposition of submicron particles 15 SOA is very slow (Seinfeld and Pandis, 2006), the deposi
tion of gas-phase semi-volatile SOA precursors is beli¢ggdthve a very large impact on SOA levels, especially in trseca
of biogenically-derived SOA owing to their expected low wap pressures and high solubility in water (Hodzic et al14£0
Knote et al., 2015; Shrivasta et al., 2015).

The deposition velocity of a compound (traditionally giverem s~1), i.e. the ratio of its downward mass flux to its concen-
tration, is a complex function of meteorology (in partiautarbulence), chemical compound properties, and surigoeand
properties. It is usually modelled using the resistaneseines approach Wesely (1989), decomposing the ovesidtaace
to deposition into contributions from atmospheric turlngie (aerodynamic resistance), molecular diffusion (glaasinar
boundary layer resistance) and surface processes (suefsistance). The surface resistance to deposition of agas®m-
pound depends on its reactivity and water-solubility. Dou¢hte scarcity of field data, in particular for OVOCs, the aug
resistance for any compound was expressed by Wesely as aradiob of parameterized resistances for two model com-
pounds,0O3 (template for very reactive species) a®@, (template for soluble species), for which abundant dry déjon
field data is available. Due to the much lower reactivity of@%6 in comparison with ozone, their predicted depositidacre
ities were generally very low, to the exception of very sédutbompounds like formic acid.

The observation of fast deposition of several OVOCs to bextfperate and tropical forest ecosystems challenged tat vi
(Karl et al., 2010), leading to the recommendation that MMADCs should be considered as being as reactive as ozone when
calculating their surface resistance. In particular, tM©QGs were suggested to be lostimmediately upon enteringttimeata,
just like ozone. This simple recipe for evaluating OVOC d&fion velocities has been in use in many models (e.g. Fisatha.
(2014); Wells et al. (2014)). However, the measurementpieposition velocities for a large suite of OVOCs at a decid
forest in Alabama (Nguyen et al., 2015) led to a differentatosion seemingly at odds with the reactivity-driven depos
model of Karl et al. (2010): the most water-soluble compaueposit much faster than moderately soluble ones, anddke |
soluble species showed little uptake. This result imples the Henry’s law constant should play a more importard ol
the resistance calculation than previously considereddsaly’'s model or its adaptation by Karl et al.. Although Ngnet al.
(2015) proposed a model adaptation providing a satisfa@greement with their observations, it was not reconcilét w
previous field measurements for OVOCs and other compounds.
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Here we present a new dry deposition scheme based on Weaply'sach, incorporating an updated representation of
the different resistances. The model is evaluated and toge degree constrained by available field data. In partictia
dependence of the canopy conductance on the Henry’s lawardrn($1LC) is modified through the introduction of a unit-
less, species-dependent facformultiplying the HLC in the expressions of the mesophyll,\grd and cuticle resistances.
Acknowledging the importance of HLC estimation for the sémince parameterization, a new HLC prediction method is pre
sented and evaluated against laboratory measurementsrevidys estimation methods (Sect. 2 and the Supplement, see
http://tropo.aeronomie.be/index.php/models/magritteext, the modules for the calculation of aerodynamic,sifleaminar
boundary layer and surface resistances are describedaih (Bxct. 3.1-3.3), and their evaluation against field datazone,
sulfur dioxide and the OVOCs is presented in Sect. 3.4 andl'Bi®& new scheme is implemented in the Model of Atmospheric
composition at Global and Regional scales using Inversamhifiques for Trace gas Emissions (MAGRITTE), of which the
biogenic volatile organic compound (BVOC) oxidation megisean is described in a companion paper (Muller et al., 2018).
Model simulations at global and regional scales are comditctprovide an updated evaluation of the role of dry dejowsih
the budget of OVOCs and as a sink of NOx. Finally, Sect. 5 ridalape the main findings and provide a tentative summary of
the uncertainties and limitations of the current approach.

2 Henry'slaw constants of organic model compounds

Both the wet deposition and dry deposition parameterinatiely on the estimation of Henry's law constant of the gaseo
model compounds. The wet scavenging scheme in MAGRITTE sedan cloud and precipitation fields provided by the
European Centre for Medium-range Weather Forecasts (ECM¥/E is described in detail in Stavrakou et al. (2009b). It
distinguishes washout by convective precipitation (ideld in the convective transport scheme) from scavengingdrbalow
large-scale stratiform clouds, which is represented asadider process. Henry’s law is used to calculate the gas@us
partitioning of gaseous compounds in clouds containingidigqvater. Note that the model now uses an increased scaagengi
efficiency (0.52) for methyl hydroperoxide in convectivalugfts based on a recent field data analysis (Barth et alg)2Uhis
value is also used as lower limit for the scavenging effigyasfother hydroperoxides. Furthermore, peroxides arerasduto

be entirely retained in frozen cloud particles during firg4Barth et al., 2016).

For many compounds, experimental HLC estimates exist &a2015); however, for most compounds of the chemical
mechanism (Table 1), estimation methods are required eldrer several ways of describing the solubility in water.e;lére
HLC (K in mol L=t atm™1) is defined as the equilibrium ratio of the aqueous phaseardration ¢, in mol L~!) to the
partial pressurey, in atm) of the considered compound,

Ca

K= 1)
Pg

The HLC can be estimated using

C
Kyg=——

— v 2
Py > 2)
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with p¢ the liquid state saturation vapour pressure (atm)the concentration of pure water (55.5 mot'Lat room temper-
ature) andy*° the infinite dilution activity coefficient (IDAC) of the congund in waterK 5 can be estimated directly, or by
separate estimations p} and~y°°. Several HLC estimation methods are evaluated in this waskietailed in the Supplement
(http://itropo.aeronomie.be/index.php/models/magyifthe method retained for use in MAGRITTE relies on Eq. {@}h
vapour pressurepf ) estimates obtained from the group-contribution methodBURATION (Estimation of VApour Pres-
sure of Organics) (Compernolle et al., 2011), and infinitetitin activity coefficient estimates based on AIOMFAC (4sol
Inorganic Organic Mixtures Functional groups Activity Gideents) (Zuend et al., 2011), with several modifications.

EVAPORATION and other vapour pressure estimation methaele wvaluated by O’Meara et al. (2014). Within its scope,
EVAPORATION was found to provide the most accurafeestimations. AIOMFAC can be considered as a generalisation
of UNIFAC (UNIQUAC Functional-group Activity Coefficienjs(Fredenslund et al., 1977). Regarding the organic part, it
combines features of the UNIFAC versions of Peng et al. (6@ Marcolli et al. (2005), both developed specifically for
atmospherically relevant compounds. AIOMFAC, in comhimratvith a vapour pressure method, has the widest scope of all
methods considered here. We use here a modified version dfiIBAC, denoted AIOMFAC(m), incorporating modifications
to the acid, nitrate and peroxynitrate interaction paransdsee Supplement). Furthermore, since AIOMFAC doesketihto
account the effect of hydration explictly for carbonyls, keelacey> in Eq. (2) byy>°/Fiyd, Fuya being the ratio of effective
over intrinsic HLC as calculated by the method of Raventosal et al. (2010). For molecules with no carbonyl functlipa
this factor is equal to unity. However, for glyoxd,,q reaches x 10%. Note that this procedure slightly degrades the results for
mono-aldehydes, likely because hydration was implicéken into account in the interaction parameters for thosgoninds.

The above approach has its limitations. Most importantigraup-contribution methods are believed to generallgenpre-
dict the saturation vapour pressures of highly oxidizedpoumds, due to the still limited scope of their basis setswgiecal
data and the lack of interaction parameters accountincghfoeffect of hydrogen bonding (Valorso et al., 2011; Kurtéalg
2016).

The HLC values used in the model are provided in Table 1. Wkaitadle, experimental data are used, obtained from the
review of Sander (2015). Otherwise, the values are cakedlas described above. To account for acid dissociation ti@=of
carboxylic acids in Table 1 is multiplied by the factar+ K, /[H*]) with dissociation constantd,) of 1.8x 1074, 1.7x10~°
and 1.3<107° mol L~! for HCOOH, CH3;COOH, andC,H;COOH, respectively (Lide, 2000). Cloud water pH, relevant to
the wet scavenging rate estimation, is taken equal to 4ebplthof water in oceans and lakes, relevant to the dry depasiti
scheme, is assumed to be near-neutral (pH = 7) (Wesely, 18B8)effect of acid dissociation is not taken into accourthi
parameterization of dry deposition over land, as detaite8ct. 3.5.6.
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Table 1. Henry’s law constant (HLCK y=K 1 208 exp(B/T — B/298), in mol L™* atm™ ') of OVOCs in MAGRITTE (including effect
of carbonyl hydration, but not acid dissociation), molecweight (MW), gas-phase diffusivity at 298 K and 1 atfy(., in cn* s™*) and

values off, andf; parameters of the surface resistance scheme (Sect. 38sprovided is the value af = f1 - K298 /10° at 298 K (see

Sect. 3.3.4). Rea8l9(3) as8.9-10°. References for HLC: 1, Sander (2015); 2, this work (seg;tbiite: a, assumei iz = Kz (CH3; OOH).
Compound Chemical formula K208 B MW Dy, fo f «@ Ref.
mono functional compounds
HCHO HCHO 3200 7100 30 0172 O 0.03 0.001 1
CH3CHO CH3CHO 13 5900 44 0128 O 2(4) 2.6 1
CH30H CH3O0H 200 5600 32 0166 O 600 1.2 1
C2H50H CoHs0H 190 6400 46 0.097 O 600 1.14 1
CH300H CH30O0H 310 5200 48 0.138 0.1 400 1.24 1
CH3;000H  CH3000H 310 5200 64 0.124 400 1.24
VA CH>=CHOH 44 3800 44 0128 O 600 0.26 2
MVA CH,=C(CH3)OH 44 3800 58 0.106 O 600 0.26 2
CH3COCH3 CH3COCH3 27 5500 58 0.106 O 2(3) 0.54 1
CH3ONO3 CH30ONO; 2.0 4700 77 0118 O 1(3) 0.02 1
PAN CH3CO3NO2 4.1 5700 121 0.093 1 1.5(4) 0.62 1
HCOOH HCOOH 8900 6100 46 0.153 O 20 1.78 1
CH3COOH CH3COOH 4000 6200 60 0124 O 20 0.8 1
C2HsCOOH  CoHsCOOH 4500 6800 74 0.095 O 20 0.9 1
MCOOH CH,=CH(CH3)COOH 5000 6795 87 0.08 1 20 1.0 2
MVK CH>=CHCOCH3 26 4800 70 0.074 O 5(4) 13 1
MACR CH,=CCH3CHO 6.3 4600 70 0.074 O 5(4) 3.2 1
MPAN CHy=CCH3CO3NO2 1.7 5700 147 0.077 1 5(4) 0.85 1
PAA CH3COOOH 840 5300 76 0.085 0.1 5(3) 42 1
MCO3H CH,=CH(CH3)CO(OOH) 115 5257 103 0.107 0.1 5(3) 5.8 2
di functional compounds
GLYALD CH>OHCHO 4.1(4) 4600 60 0.116 20 8.2
HYAC CH>OHCOCH;3 7.8(3) 6397 74 0.098 100 7.8 1,2
HCOC5 CH,=C(CH3)C(0O)CH,0H 3.0(3) 6072 100 0.080 100 3.0 1
HMHP HOCH;OOH 1.7(6) 9900 64 0.124 0.1 50 1700 1
ISOPBOOH CH,=CHC(CH3)(OOH)CH2OH 5.0(4) 8170 118 0.076 0.1 50 25 2
ISOPDOOH CH,=C(CH3)CH(OOH)CH2OH  7.4(4) 8381 118 0.076 0.1 50 37 2
ISOPEOOH CH.=C(CHs3)CH(OH)CH2OOH  2.4(4) 7617 118 0.076 0.1 50 12 2
MVKOOH 0.55CH3C(O)CH(OOH)CH2OH  4.6(6) 9652 120 0.080 0.1 50 2300 2
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Compound Chemical formula KH, 208 B MW Dy, fo f «@ Ref.
+0.45CH3C(O)CH(OH)CH2OOH

NISOPOOHD 0.84HOOCH;CH=C(CH3)CH20ONO2 2.9(3) 8372 163 0.070 0.1 400 12 2
+0.160,NOCH,CH=C(CH3)CH>OOH

NISOPOOHB  0.9CH,=CHC(CH3)(OOH)CH20NO- 7.9(2) 7700 163 0.070 0.1 400 3.2 2
+0.1CH2=C(CH3)CH(OOH)CH20NO2

GLY CHOCHO 4.2(5) 7500 58 0120 O 20 84 1

MGLY CH3COCHO 2.4(4) 7100 72 0100 O 20 4.8 1

PYRA CH3;COCOOH 3.1(5) 5100 88 0.097 O 30 93 1

GCOOH HOCH2:COOH 1.8(7) 10042 76 0109 O 30 5400 2

GCO3H HOCH>CO(OOH) 4.8(5) 8377 92 0.100 0.1 5(3) 24000 2

ISOPBNO3 CH>=CHC(CHs3)(ONO2)CH2OH 1.1(3) 7138 147 0.072 O 1(3) 11 2

ISOPDNO3 CH2,=C(CH3)CH(ONO2)CH>OH 1.3(3) 7325 147 0.072 1(3) 13 2

ISOPCNO3 0.86HOCH;CH=C(CH3)CH20ONO2 3.1(3) 7797 147 0.072 O 1(3) 31 2
+0.14HOCH,C(CH3)=CHCH20ONO

ISOPENO3 CH3C(=CHz2)CH(OH)CH20NO2 2.8(2) 6512 147 0.072 O 1(3) 2.8 2

APINONO2 C10H16(OH)(ONO2) 3.2(2) 9079 231 0.056 O 1(3) 3.2

NOA CH3C(O)CH20ONO 1.0(3) 5312 119 0.087 O 1(3) 10 1,2

ISOPBOH CH,;=CHC(CHs)(OH)CH,OH 1.5(5) 8029 102 0.079 O 600 900 2

ISOPDOH CH2,=C(CH3)CH(OH)CH2OH 6.3(4) 7732 102 0.079 O 600 380

NC4CHO 0.750CHCH=C(CH3)CH20NO, 2.0(3) 6330 145 0.073 O 1(3) 20 2
+0.250CHC(CH3)=CHCH>0ONO

GPAN HOCH2CO3NO, 7.9(3) 7179 137 0.089 1 1.5(4) 1200 2

MVKNO3 0.8CH3COCH(ONO2)CH2,OH 1.8(5) 9080 149 0.076 O 6 11 2
+0.2CH3COCH(OH)CH20ONO2

MACRNO3 OCHC(CHs)(ONO2)CH20H 1.2(7) 8720 149 0.076 O 6 720 2

ETHLN OCHCH20NO2 3.1(3) 4644 105 0.098 O 1(3) 31 2

HPALD1 OCHC(CH3)=CHCH2(OOH) 2.7(4) 7343 116 0.077 0.1 30 8.1 2

HPALD?2 OCHCH=C(CH3)CH3(OOH) 2.0(5) 8835 116 0.077 01 30 60 2

HPACET CH3COCH,OOH 3.1(3) 6178 90 0.093 0.1 30 0.93 2

HPAC OCHCH,OOH 7.6(3) 5469 76 0.107 0.1 30 2.3 2

HMAC OCHC(CH3)=CHOH 1.9(4) 6445 86  0.089 100 19 2

HMVK CH3C(O)CH=CHOH 1.3(4) 6888 86  0.089 100 13 2
poly functional compounds

IEPOX HOCH @C(CH3)CHQOH 45(6) 10484 118 0.076 O 50 2250 2
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Compound Chemical formula K208 B MW Dy, fo fi « Ref.
ICHE HOCH,CHOC(CH3)CHO 5.0(6) 8100 116 0077 O 50 2500 2
[HNE 0.570,NOCH,C/(CHs)OCHCH,OH 46(3) 9875 163 0070 0 50 2.3 2
+0.430,NOCH,C(CHs)(OH)CHOCH,
HMML HOCH,C(CH;3)0C=0 8.5(3) 7820 102 0085 O 100 85 2
MMAL O=CCH=C(CH3)C(=0)0 2.2(3) 6880 112 0088 0 100 2.2 2
DHA CH5C(O)CH(OH), 1.3(5) 7286 90 0093 O 1 13 2
DHBO CH5C(0)CH(OH)CH,OH 3.3(66) 9291 104 0083 O 01 3.3 2
MACROH  HOCH,C(CHs)(OH)CHO 2.4(6) 7677 104 0083 0 01 24 2
HOBA CH5C(O)CH(OH)CHO 1.1(6) 6670 102 0085 O 1 11 2
BIACETOH CH;COCOCH,OH 2.3(5) 7790 102 0085 O 1 23 2
INCCO HOCH,C(0)C(CHs)(OH)CH20NO, 42(6) 10051 179 0068 0 1 42 2
INCNO3 HOCH,CH(ONO,)C(CH;3)(OH)CH,ONO,  1.1(7) 12374 226 0064 O 1 110 2
MBONO3  0.67CHsC(OH)(CHs)CH(ONO,)CH,OH 3.05) 9533 165 0069 O 1 3.0 2
+0.33CH;C(OH)(CHs)CH(OH)CH,ONO,
INDOOH HOCH,CH(ONO,)C(CHs)(OOH)CH,OH ~ 1.4(10) 15052 197 0.066 0.1 1 1.4(5) 2
DIHPCHO  CHsC(OOH)(CHO)CH,OOH 22(7) 9459 136 0077 01 1 220 2
DIHPMEK  CHsC(O)CH(OOH)CH,OOH 5.0(6) 9975 136 0077 01 1 50 2
HPKETAL  CH;C(O)CH(OOH)CHO 1.8(6) 7318 118 0082 01 1 18 2
HPDIAL OCHC(CH3)(OOH)CHO 4.9(7) 6969 118 0.082 01 1 490 2
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3 Dry deposition scheme

Following e.g. Wesely (1989), the dry deposition velocityXis expressed as

1

Vi=— "
T Ra+ Ry +R.

®)

with R, the aerodynamic resistance between the surface and a sgdu#fight (taken here to be the elevation of the first modelllev
approximately 10 m)R,, the quasi-laminar sublayer resistance (controlled by iffiesilzity of the gaseous compound in air), aRd the bulk
surface resistance, dependent on properties of both tfecslwand the chemical compound. Wher&asis identical for all speciesk, and
R, are species-dependent. The resistar¢eand R, depend on meteorological quantitites (Monin-Obukhov tenfyiction velocity, etc.)
which are calculated using parameterizations of the ECM¢&grated Forecasting System (IFS) (ECMWF, 2014), aslddthereafter.

3.1 Aerodynamicresistance, R,

The vertical fluxes of chemical compounds in the lowermost gigthe planetary boundary layer are well represented byditations based

on the Monin-Obukhov (M-O) similarity theory, which dedmes relationships between vertical profiles and fluxes usimgtric called the

Obukhov length ) (ECMWEF, 2014; Toyota et al., 2016)
ul T,

_EQQOV

(4)

with w.. is the friction velocity (m s'), 7} the temperature at the lowermost level (K)yon Karman’s constant (=0.419),the acceleration
due to gravity (m 3), andQ,. the virtual temperature flux in the surface layer, relatethéosensible heat flug (W m~2) and evaporation
E(kgm?2s1):

_ S40.61C, E

Qov
’ pCop

©)

with €, (=1006 J kg ' K1) the heat capacity of air, andthe air density (kg m®). The friction velocity is calculated (ECMWF, 2014)
using

KA/ u? + v+ w?

ln( ZL+Z0M) _ \I}M(ZZ+ZOM ) +\I}M(ZOTM)

ZoM L

(6)

Ux =

wherew; andwv; are the zonal and meridional components of wind speed at 1€rsn@bove the surface;. is a free convection velocity
scale,

ws = (2 % Qo)'? (7)
with z; =1000 m,z; is the reference heighton andzom are the roughness lengths for heat and momentum, respgcind Uy, is a stability
profile function for momentum (see further below).

In chemistry-transport models, the reference heigtis the altitude of the first model layer (approximately 10 MAGRITTE). In
comparisons with field measurements, however, the redeference heightz{ = zs — d) should be used, with; the sampling height, and
d the zero plane displacement height, estimated &9.7 - h, with h the canopy height (Karl et al., 2004). Although, andw. are only
weakly dependent og, it is important to use realistic values. At forest sitess often of the order of 10-25 m, but it takes generally much
lower values (a few meters) in measurements setups oves orgpass, and it can be as high as 50 m in some tall-towers@towler et al.,

2011) and even higher(100 m) for determinations based on airborne observatioras(€t al., 2000).
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Since the Obukhov length depends on the friction velocity (Eg. 4) which is itself degent onl (Eq. 6), an iterative method is used to
solve these equations. No more than 5 iterations are neededdh convergence.

The aerodynamic resistance (in s h)is calculated using

)+ ()] ®)

1 21+ 2 21+ 2
R, — — [In l‘;‘OHOM)_\I’H( H—L oM
where Uy is the stability profile for scalar quantities. The disttibns of near-surface temperature and wind, surface deniséat and
evaporation fluxes are obtained from the ECMWF ERA-Interiperational forecasts at 3-hourly frequency on the N128 &aogyrid.
The stability profiles for heat and momentum were paraneddrbased on field experiments over homogeneous terraimetsoios of the

quantity¢ = £ (Beljaars and Holtslag, 1991). In unstable conditiag1s:(0), we have

Un(¢) = g — 2 arctan(z) +In w (9)

(¢ =2In(+ 55 (10)

with = (1 — 16¢)*/“. In stable conditions¢(> 0),

War(Q) = —b(¢ — S)exp(~de) —a¢ — 2 a1

Wir(Q) = ~b(¢ ~ S)exp(~de) — (1+ 2aQ)!* = 2% 41 12)

witha=1,b= %, ¢=5, andd = 0.35.
Over ocean, the roughness lengths are calculated (ECMWR) 2@ing

2

zom =011 £ acy &= (13)
U g
zon = 0.4 = (14)
U

wherev is the kinematic viscosity andch the dimensionless Charnock coefficient (Charnock, 195&) ptovided by ERA-Interim. The
kinematic viscosity (3.5 - 10~° m? s~ 'at 288 K) is calculated (Nobel, 1983) using

a1 TS
—_h 15
PG PRSTY (15)

with a; = 1.458-107% kg m™! s7! K~1/2 and Su = 110.4 K. Over land, minimum and maximum valuesgf are defined for 8 plant
functional types (Table 3.2), for which we use the geogregihdistribution (at 0.5x 0.5° resolution) of the MEGAN model (Guenther et al.,
2006).zoH is taken equal tof over land (ECMWF, 2014). Following Zhang et al. (2003), teasonal evolution ofom andzon follows
the leaf area index (LAI), i.e.

LAI (t) — LAI™"

20 (t) = Zglin + (Zglax_ Zglin) X LAl ™ _ |A| min

(16)

where LAl is the monthly averaged LAI from the MODIS MOD15A&@raposite product (obtained from http://reverb.echo.ugsd), and
LAI™" and LAI™®™ are the minimum and maximum monthly LAl over the course ofytbar.
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Table 2. Plant functional types (PFT) and values of parameters weebin the dry deposition scheme. Al resistance units are 5. m

qur\i/ln 20M Qs ac Rcou?do Rcou?wo Rsﬁd% R:do :
m m Jnr3 Jm? hPa!
Needleleaf evergreen trees 2.0 2.0 14000 2 18 0.031 100 100 00 60 300 2000 200
Needleleaf deciduous trees 2.0 0.4 14000 2 18 0.031 60 100 O 600300 2000 200
Broadleaf evergreen trees 25 25 4000 6 20 0.036 250 250 900800 2500 100
Broadleaf deciduous trees 1.0 0.4 10000 5 30 0.036 100 250 0 900600 2500 200
Shrub 0.2 0.05 10000 5 30 0.031 60 60 7500 450 2000 200
Crop 0.05 0.02 20000 6 90 0.0 10 40 6000 300 1500 200
Grass 0.05 0.05 5000 1 50 0.024 10 40 6000 300 1000 200
Desert 0.005 0.005 - - - - - - - - - -
3.2 Quasi-laminar sublayer resistance, Ry
The quasi-laminar sublayer resistance of a compauit, ;, s m ') is expressed (Toyota et al., 2016) as
1 v \2/3
i =5 (5r Dy 7

where B is an empirical constant taken equal fo(although this approximation is not very accurate over spaegetation and water),
Pr=0.72 is Prandtl's number, arfd, ; is gas-phase diffusivity. The diffusivities (inTs~*) are based on the parameterization of Fuller et al.

(1966, 1969):

Do 10777 (1/MW; + 1/ MW, ) /2
gt = 1/3 /39
p (0" +0.)

air

(18)

where MW, and MW..;, denote the molecular weights (g mo) of compound: and of ambient airp is pressure (atm), and; is the
“diffusion volume" (dimensionless) of compoutidcalculated as a sum of atomic diffusion volumes, with eachl GO, N, Cl and S atom
contributing 15.9, 2.31, 6.11, 4.54, 21 and 22.9, respelgtiwvhereas aromatic or heterocyclic rings contribute-i@.3. The diffusion
volume of air molecules is,;; = 19.7 cni. Equation Eq. 18 gives predictions very close to experinbased estimates (typically within
10%) for many organic compounds including alkanes, alkesr@snatics as well as monofunctional ketones, alcoholscartabxylic acids
(Tang et al., 2015). The values of the diffusion coefficieatt298 K used in this study for oxygenated organic compoumedgy&en in
Table 1. When available, experiment-based estimates ace(liang et al., 2014, 2015; Massman, 1998) with the temyreredind pressure-
dependence of Eq. 18. Note that, at 298 K and 1 atm is estimated at 0.251%n’ for H20, 0.151 cni s™* for HNO3, 0.154 crd 57!
for Ho02, 0.176 cmi s~ ! for O, and 0.125 crhs™ ! for SO-.

3.3 Surfaceresistance, R,

The determination of the bulk surface resistance followssistance analogy formulation (Wesely, 1989). FollowilhgZg et al. (2003), it

is written as

1 1 1 1
- 19
R. Rs+ Ry Ract+ Ry Reut )

10
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whereR; is stomatal resistancé,,, is mesophyll resistance?, is the resistance to soil uptakB is the cuticular resistance, atitic the

resistance to transfer in the canopy. Over oce&ass R,.
3.3.1 Surfaceresistanceover ocean

Following Liss and Slater (1974), the net air—sea fl&} 6f a chemical compound is the difference between grossnicegtake ) and
gross oceanic emissio§, and can be written as the product of an exchange coeffiCiég) by the difference in concentration between
the air Cy) and the water;):

F:U—E:Kg(Cg—%) (20)
whereH is the dimensionless Henry’s law constant, related to th€ I /) defined in Sect. 2 by

H=R-T, Ky (21)
with R the gas constant (= 0.08206 L atmi Kmol~!) andT the temperature at the surface (Sander, 2085)is expressed as
11 N 1 (22)

K, ky H-k’

wherek, andk; represent the gas-phase and liquid transfer velocitispegively. A positivel” corresponds here to a net oceanic uptake.
Estimates are lacking for the oceanic subsurface condemt(@; of most compounds, except methan®} € 118 nmol I'') (Williams et al.,
2004), acetone (15 nmoft) (Fischer et al., 2012) and acetaldehyd# distribution parameterized as in Millet et al. (2010)), fehich
oceanic emissions are implemented in the model. For othéd @/ those emissions are neglected. This assumption leadgrobable
overestimation of the net oceanic uptake; more work is rebémlassess the significance of OVOC oceanic emissions.

Although numerous parameterizations exist kgr(see Johnson (2010) and references therein), its inversbeadentified with the
sum of the aerodynamic and quasi-laminar layer resistaiftes- Ry) discussed above. The distributioniof( R, + R;) parameterized as
described in Sec. 3.1-3.2 is shown on Fig. 1 and comparedthétiyas-phase transfer velocity parameterization of dwh(2010). The
two distributions are very similar, with differences gealr well below 20%. The transfer velocity determined acdiiog to Johnson is on
average ca. 3% higher than the corresponding velocity peteaired in accordance with ECMWF IFS formulation.

The surface resistance to deposition onto water surfacebecaritten as

Re=(H ki + fo/Ruwo) " (23)

with Rwo (= 2000 s m'!) the resistance of water surfaces to the reactive uptakeasfeo(Wesely, 1989). Whereas the first term in the rhs
of Eq. 23 accounts for the solubility of the compound in theatmixed layer, the second term accounts for its reactitakapt the air-sea
interface. This term is usually very minor, but it is the daamt deposition pathway for highly reactive but poorly stéucompounds like
ozone. The values of thg parameter (between 0 and 1), adapted from Wesely (1989j\ae in Table 1.

The liquid transfer velocity; is parameterized according to Nightingale et al. (2000)lezxribed in Johnson (2010):

ki = (0.222 U +0.333U10) - (?816)‘0'5 (24)

whereU,y is the wind speed at 10 m above the surface 8indis the Schmidt number calculated according to

Scw - pnTw ) (25)

11
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(a) (R, * Recison) (b) Ky craon

Figure 1. (a) Inverse of the sum of the aerodynamic resistance and-uamar boundary layer resistant@( R, + Ry) for methanol, and
(b) gas-phase air-sea transfer velocity for methanol aiegito Johnson (2010), both for the month of July.

with 7., the dynamic viscosity of pure water (kgths™!), well approximated by

_ Tc + 246
"~ 0.05594 - Tg +5.2842 - T + 137.37

T (26)

whereT ¢ is temperature ifiC, p., the density of seawater, very close to 1025 kg’nat a typical salinity §) of 35 g kg™, andD., ; the
diffusivity of compound: in water (n? s~!). The latter (of the order of I m? s™!) is calculated using

_51-107MT

Dy.i = 27
TR (27)

wherer, is the dynamic viscosity of seawater (kgms~') and V;; is the liquid molar volume (crhmol~') of the compound. The
temperature dependenceigfis obtained by interpolation of experimental valuessas5 g kg ' reported by Johnson (2010),, = 2.244,
1.880, 1.605, 1.390, 1.219, 1.08, 0.965, 0.870, 0.%860 % kg m~! s~! at temperatures between -5 and®@5by increments of 5C.
The liquid molar volumes are estimated using Schroedexditise method (Partington, 1949), according to which ea¢chHCO, N atom
contributes for 7 cthmol™!, whereas S atoms, rings and double bonds contribute fo72ind 7 cm mol~*, respectively.

3.3.2 Deposition through plant stomata

The stomata are actively regulated openings of the epidesfieaves. They regulate the exchange ot.@0d H,O between the plant and the
air. The stomatal resistanc&J) is highly variable and depends on meteorological conatitiand on the leaf water potential. The mesophyll
resistanceR.,) is an additional, species-specific resistance involvetierdeposition through the plant stomata (Eq. 19). It isigésfy low

for ozone and for highly soluble compounds, but can be sianifi for less reactive, poorly soluble compounds (Wes&89). However,
eddy covariance and gradient measurements of OVOC fluxewedtéd sites have revealed high deposition velocitiesl @€al., 2010)
suggesting low mesophyll resistances even for poorly $elsfzecies such as MVK. The specificationRy, for all compounds is described
in Sect. 3.3.4.

12
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Since temperature and light fluxes are variable within tm®pg, the stomatal conductance of the canopy is calculaied & multi-layer
canopy environment model, MOHYCAN (Mdller et al., 2008) ynabining the contributions of sunlit and shaded leaves atyelayer in

the canopy:

LA, LATShade
o Z[ Gun k Tsh?;(}ile,i } ’ fl (28)

S Ts

wheren (= 8) is the number of layers, LA|, and LAI% . are the leaf area index of sunlit and shaded leaves at kgygris the effective

shade,k are the stomatal resistances of sunlit

number of sides of the leaves (equal to 1 for shrub and to bi26ther PFTs) ands"™* andr$
and shaded leaves at laykr respectively, parameterized according to the Simple @Biese model (SiB) (Sellers et al., 1986) based on
previous work (Jarvis, 1976):

P (Q) _Dgu20
f(T) - f(8e) - f(¥n) Dy

whererg® (@) is the optimal stomatal resistance 95O in unstressed conditions, depending on the photosyntpletton flux density @,

(29)

rs =

in W m~2), and thef functions are stress factors for temperatafg,(water vapour deficit§. in hPa) and leaf water potentiabf). ro"(Q)
and the stress functions are evaluated separately fort sumlishaded leaves at each canopy layer. These stresofsnate detailed in
Miller et al. (2008).Dy 20 and Dy ; are the gas-phase diffusivities of water vapour and the comgp under consideration, calculated as

in Sect. 3.2. The optimal resistanc® (@) depends primarily on the visible radiation flux:

as

op _ 30
Q= gte (30)
whereas, bs andcs are given in Table 3.2. The water deficit stress function Fessed as

f(0e) =1—dsde (31)

with ds also given in Table 3.2 . The values of the resistance pammetiginally used in the SiB model (see Miller et al.) ledvteresti-
mated stomatal resistances, and underestimated ozonsitipuelocities for broadleaf (deciduous or evergreeng$ts (Val Martin et al.,
2014). The values ais, bs andcs shown on Table 3.2 were therefore adjusted on the basis gbadsons with ozone deposition velocity
measurements in various environments (Sect. 3.4 and TadjeRurthermore, thés parameter for broadleaf evergreen forest was also
increased (to the same value as for broadleaf deciduous tsased on the strong dependence of ozone depositiontyedocivater vapour
deficit observed over Amazonian forests, as discussed in $dc This adjustment of stomatal resistances is justfiethe dominance of
stomatal uptake for ozone during daytime (Zhang et al., R@®&ept over sparsely vegetated areas. The canopy stoesttance R;) is
minimum around noon in summertime. It is typically of the@rdf 100 s m* for broadleaf deciduous trees, in agreement with obsenvati
(Baldocchi et al., 1987; Padro, 1996; Val Martin et al., 20Ebr broadleaf evergreen forests, even lower stomatetaeses (often of the
order of 50 s m*! or less) are suggested by the high deposition velocitiegafi® and several OVOCs measured in tropical rainforests (se
further below).

The crudeness of the above PFT-based approach should bendetiged: there are known very large interspecies difteemwithin a
given PFT, e.g. up to a factor of 5 between the stomatal eegiet of different crop species, or a factor of 2—3 betweeerakbroadleaf
deciduous trees (Baldocchi et al., 1987; Meyers et al., 19Bi@s limitation should be kept in mind in model comparisagainst field

measurements.

13
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3.3.3 Cuticleand ground deposition of O3 and SO

The deposition 03 andSO- to the cuticle is favoured by rain or dew. The calculation wficular resistance therefore distinguishes wet
and dry canopies (Zhang et al., 2003):

1 1-— fwet fwet
_ n 32
Rcut Rcutd Rcutw ( )

where fuet is the frequency of rain or dew conditions, and

ffreez (TC) . RcutdO

Rod= 55—
e0.03 RH | A|0-25 U

(33)

ffreez (TC) - Reutwo
Reyw = ————5—— 34
et LAI 05y, (34)

where RH is relative humidity (%), anBcudo and Reuwo are reference values for dry and wet cuticle resistancepeatively. Their values
for O3, and the values aRcuaofor SO are given in Table 3.2 for the different PFTs; in additidtl,, is taken to be 50 and 100 sthfor

twO

rain and dew conditions, respectively. The functin.,(7c) is equal to 1 above =T, and is given by
ffreez(TC) = min(z’eO‘Q(_l_TC)) (35)

below -T'C.
The frequency of rain is determined from ECMWF cloud and ipitation fields as described in Stavrakou et al. (2009b)v Decurs
when the friction velocity.... does not exceed a critical value (Janssen and Romer, 198ak Bt al., 1999)
1.5-Cy
s(T) — qs(Ta)
wheregs(T") andgs (1) are the saturated specific humidity at ambient temper&tuaed at dew temperatuf®;, andCy is a constant equal
to 0.3 for a cloud fraction (CC) lower than 0.25, 0.2 for COvizetn 0.25 and 0.75, and 0.1 for CC above 0.75.

The resistance to the transfer in the canofyc) is identical for all compounds and parameterized (Zharad.e2003) using

(36)

Us <

0.25
Rac = 7RBCOL§I (37)

ui
where Raco varies seasonally between PFT-specific mininum and maxiralues 1" and R%2*) given in Table 3.2. The seasonal evolu-
tion of Racois assumed to follow the LAI, similarly to the roughness léngsee above, Eq. 16).

The resistance to deposition of ozone to the grouﬁ§3() is taken equal to 200 or 500 sTh for vegetated and non-vegetated sur-
faces, respectively (Zhang et al., 2003). In cold condgjdhis resistance is enhanced by the fagtar., defined in Eq. 35. FO8O-, the
ground resistanceli;°2) is taken equal to 50 and 100 s thfor rain and dew conditions, respectively, and is also rpliétd by fices
In absence of dew or rain, the resistance depends on soil ghiedative humidity (Ganzeveld et al., 1998; Kerkweg et2006). For suf-
ficiently humid conditions (RH> 60%), the resistancd%@ffjmid) is equal to 115, 65 or 25 s ™ for pH < 5.5, 5.5< pH < 7.3 and
pH > 7.3, respectively. The distribution of soil pH @t5° x 0.5° resolution is obtained from the SoilGrids database (Hebhal.e2017)
(ftp://ftp.soilgrids.org/data/aggregated/). At Ioweh=|RR§02 is modified as follows:

R}°? =3.4-RQ2 . —85410° - max(0, (40 — RH)/40) (38)

g,humid

14
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In cold ConditionsR§O2 is enhanced by adding a contributiof00 - €2%°~ 7= with T, being the soil temperature in K. To avoid very low

values over deserts, a minimum value of 25s'ns imposed td%§O2. Over sea ice, a separate formulation is used (Zhang e0&i3)2
R5? = min(500, max(100,70(2 — Tc))) (39)

Finally, over snow, both surface and cuticular resistarioe€); are taken equal to 2000 smh, and the surface resistance %0 is
calculated (Kerkweg et al., 2006) using

REGiow = min(10%, 1070 097CF24) (40)

The snow cover fractionf(,ow) is estimated from the ECMWF snow depth (SD) analysis. $intd Zhang et al. (2003), it is expressed as
a ratio

SD

fsnow = m (41)

whereSDmax (M) is equal tanax(0.2 - LAI,0.02).
3.3.4 Canopy resistanceto OVOC deposition

The calculation of the mesophyll, ground and cuticularstasices for any chemical compound is adapted from Wese®@{Ehd Zhang et al.
(2002). The conductances are expressed as linear conanisatf the corresponding conductancesSor, (as template for water-soluble
compounds) an@s; (template for very reactive compounds):

1 Ku-fi
— — 100 - 42
R~ 3000 1O fo (42)

1 Kuy-fi fo

Ry, 105-RS°?  RY3

(43)

L Ky - fi fo
Rew  10°-Rgy®  RGE

(44)

where fo and f; are empirical, species-dependent factors crudely estonftom comparisons with available field measurements (see
Sect. 3.5).fo = 0 for non-reactive species, wherefs= 1 for species as reactive as ozone. Theand f; values adopted in this work
are provided in Table 1. In the original model of Wesglywas omitted, i.ef; = 1. The model of Zhang et al. (2002) has a similar formu-

lation with two species-depdendent factors. For exampkeground resistance in their model (also in Paulot et all§P0is expressed as

1 « I6]
RZ02 = RS0 + RO (45)
i.e. 8 can be identified with oufy, anda is related tof; by
Kg
— .20 4
a=fi 15 (46)

However, the values adopted by Zhang et al. (2002)faere poorly constrained, and taken equal to zero for thé $edisble compounds
like MVK, MACR, PAN and CH3CHO. Paulot et al. (2018) provided updated estimatesyfand 3 for several compounds, with a focus
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on organic nitrates, based on flux measurements for a suUYOICs in Alabama (Nguyen et al., 2015). The values.@it 298 K from our
work are also provided in Table 1, to facilitate comparisatintheir work (see further below).

As discussed in the next Sectiofy, values frequently much higher than unity are found necggsdoring the model in agreement with
available measurements for many OVOCs. Note that in thosesc#he precise value @ (assumed to lie in the range from 0 to 1) is most
often unimportant, because the solubility-related termheright-hand side of Eq. (42)-(44) becomes largely dontingor simplicity, we
assumed = 0 for all compounds, except the hydroperoxides and pesdgid= 0.1) as well as the PAN-like compound$ € 1) (Table 1).
Different values could have been chosen ferbut with generally very little consequences for the preticeposition velocities, except in
a few cases (e.gICHO and PAN). Note that Karl et al. (2010) recommended to thke 1 as a rule for most oxygenated VOCs.

3.4 Dry deposition model evaluation for ozone and sulfur dioxide

Tables 3.4 and 3.4 list th®; and SO, deposition measurement campaigns used for evaluationedadr campaign, the meteorology is
provided by ECMWF ERA-Interim operational forecasts fog glear and month(s) of the measurements. The calculatientheseported
LAl and plant functional type, when available. The modeldistep is 1 hour. The reference heighf Used in the calculations is obtained
from the reported sampling and canopy heights. When notrtega; is taken to be 3 m for crop and grassland sites, and 15 m fostfore
sites.

In the case of ozone, every major PFT except shrub is repgesbby at least 4 campaigns in Table 3.4. For each PFT, thelmpederms
well on average, although large discrepancies are fourpkaif& sites. The highest ozone deposition velocitigsy, ) are found in tropical
rainforests (1.06 cm's on average for the measurements, vs. 1.16 chescording to the model), followed by broadleaf deciduoussts
(0.51 vs. 0.48 cm's'), needleleaf forests (0.39 vs. 0.41 cm'} crops (0.36 vs. 0.39 cn$), and grasslands (0.27 vs. 0.31 cmts As
seen on Fig. 2—4, the observed diurnal cyclegb., is generally well reproduced by the model, with highest galtound during daytime,
primarily due to the strong response of stomatal resistgatwsolar radiation (Eq. 29-30). Exceptions include thesa$ Harvard forest in
September/October (Fig. 2(a)) and Rebio Jart in Rondémniagithe dry season (September/October) (Fig. 3(a)), wierenodel fails to
match the unexpectedly high values measured during late (86 AM local time). As discussed by Wu et al. (2011), thghhvalues at
Harvard forest might be due to mixing/transport events neit represented by the resistance analogy; furthermoeg, dhe based on only
few measurements and might not be typical. Non-stomatakegdby leaves was presumed to explain the high nighttimesitipo at Rebio
Jar( during the dry season (Rummel et al., 2007). Reactitmnitric oxide emitted by soil could also contribute, butsiiscarded as major
cause for the departure from model expectation (Rummel,e2G07).

In contrast, the model overestimates the late-night dépaosielocities at a rainforest site (Bukit Atur) in Borneeiq. 3(b)), indicating a
large underestimation of the aerodynamic resistance @yt 100-200 s m' in the simulation at 5-6 LT). The forest canopy was shown
to be isolated from the boundary layer air due to a noctueralperature inversion (Fowler et al., 2011). This issuekilyirelated to the
complex terrain at the site, with the tower being located &iill&260 m above the valley bottom. The daily course of thes@ga heat flux
in the model, maximum at about 70 Wh at midday and slightly negative during the night, is in fagreement with the observations
(Fowler et al., 2011), as is also the friction velocity (oniethR, and R, are strongly dependent), of the order of 0.1-0.15 crhduring
the night in both the model and the measurements (Langfat,&010).

The deposition velocities show important seasonal variatdue to their dependence on meteorological variablabwlater potential,
and leaf area index. The observego, values at an oak forest site in Italy (Fig. 2(c)) are higherirauspring than during summer (by
approximately 50%), in good agreement with the model sitiaria. This reflects the influence of the stress factors (ipgi(. ) and f (),
see Eq. 29) on stomatal uptake, which was found to dominaeabeposition at the site (Fares et al., 2014). The efitite higher solar
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(a) Harvard forest (b) Borden Ontario forest
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Figure 2. Average measured (symbols) and modelled (curves) ozoresifiem velocities (cm s!) at temperate and boreal forest sites (see
Table 3.4). At Hyytiala (panel (e)), the crosses and stgreesent the reported measurements (Rannik et al., 2012 aval below 70%

relative humidity, respectively (average relative huryidvas below that threshold between 10 and 20 LT).
radiation levels during summer is more than compensatetékigher vapour pressure deficit, by almost a factor 2 (Farak, 2014), and

by the lower soil water content resulting in a lower valuetw teaf water potential stress factffi; ), by a factor of 1.7 according to the
model simulation. At a tropical grassland site in Rondosiavell (Fig. 4), the modelled and measuregh,, values are consistently higher
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(a) Amazonia (b) Borneo rainforest
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Figure 3. Average measured (symbols) and modelled (curves) depositlocities (cm s') at tropical forest sites for (a)-(b) ozone (see
Table 3.4) and (c)-(d) ozone and other compounds (Table M\YKMAC" denotes the sum MVK + MACR corrected for the interéerce
due to ISOPOOH (see text). The dashed curves for the OVOQCsspand to results obtained wiffa = f1 = 1 in the calculation of the
canopy resistance.

during the wet season (by about 50%) due to the combinatidovadr vapour pressure deficit (hence highféb.)), higher soil moisture
(higher f(4;) by a factor 1.4), and higher LAl (2.1 in May and 1.2 in Octolser Table 3.4).

At the tropical forest sites (Fig. 3(a)—(b)), however, viamge variations in daytime deposition velocities are oz, which the model
is unable to reproduce. Three different campaigns in Amiazouaring the wet season indicate middayo, close to 2 cms', suggesting
canopy resistances of the order of 30-40 s'nn optimal (unstressed) conditions. Note that a fractiorihaf observed conductance is
due to in-canopy reactive loss of ozone, dominated (for nitwaia 50%, Yee et al. (2018)) by the reaction with sesquitexpeeleased by
vegetation and soils; however, the contribution of sesgpénes should not exceed ca. 0.1 crh Based on reported fluxes (Jardine et al.,
2011a; Bourtsoukidis et al., 2018). During the dry seasdineaRebio Jaru site in Rondoénia, the deposition velocitppeal by about a factor
of three compared with the wet season, whereas the modrltatddvs,0, was only about 30% lower (Fig. 3(a)). The averaged leaf water
potential stress factof(v);) differed by only a factor of 1.25 between the two seasons hidREarl according to our parameterization based

on ECMWEF ERA-Interim fields; at Bukit Atur, it is predicted b constant all year round. However, drought was clearlymesible for the
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(a) Maize fields (b) California vineyard
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Figure4. Average measured (Symbols) and modelled (curves) ozorasitiem velocities (cm's') at (a)-(b) crop and (c)-(d) grassland sites
(see Table 3.4).

v4,04 Shutdown in Ronddnia in September/October. An analysisetity season fluxes by Rummel et al. (2007) indicated thatdagopy
resistances, of the order of 300 s were associated with high values of the water vapour déficit> 16 hPa), whereas the resistance
was about three times lower in more humid/cool conditiohs:(16 hPa). This suggests that to a large extent, the seagoobtit; o, is
controlled by changes in the associated stress fg(tiy). The measured average values of HO pressure deficit at midday, ca. 13 and
22 hPa in the wet and the dry season, respectively (Rumme| 8087), imply higher stomatal resistances during thes#rgson, by about
a factor 2.5 according to Eq. 31 (with = 0.036 hPa'). If correct, and taking into account the other model-claimd stress factors and the
midday value ofR,, + R, estimated from the measurements (ca. 25$)fRummel et al., 2007), this would translate into a factaalafost
three between dry and wet seaseiv,, in excellent consistency with the observed depositionaciges. The relatively poor performance
of the ECMWEF-driven model displayed on Fig. 3 is mainly duatsignificant cold bias of the midday ERA-Interim temperasuat this
site, by about 3 K in May and as much as ca. 5 K in September®ctt999. Although other factors might be at play, the ursterated
vapour pressure deficit induced by this cold bias is the niked/lexplanation for the model discrepancy.

At Bukit Atur in Borneo, however, the measured meteorolabtonditions were quite similar in April (late wet seasonylan June/July
(early dry season) (Langford et al., 2010), and they weré repfoduced by the ECMWF analysis at this site (Stavrakal.e014). The
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large variation ofvy,0, between the two periods is therefore difficult to explaineThction velocity did not show important long-term
variations (Langford et al., 2010). The soil water stresstdiaf(¢;) could possibly be more variable than estimated here. Pbgival
changes might also play an important role. More field measengs are needed to better characterize the long-term ebarigleposition
velocities in tropical ecosystems.

The choice of the stomatal resistance parameters (Tablel@@ely based on the evaluation of modeliego, and on previous litera-
ture estimates, could be biased due to the limited repratéty of the sites at which measurements are availablés iBhespecially true
for crops, and probably also for the other PFTs. Note thasthmatal resistance parameters for shrub were assumddrsimthose of
broadleaf deciduous trees, due to the lack of field data duetbs Besides the large differences between the stomatistaaces of dif-
ferent species (within a given PFT), many factors might Gbate to model errors, including the limited reliabilithé representativity of
(micro-)meteorological fields based on ECMWF analysesptiely understood role of surface wetness (Zhang et al2R@0e still crude
representation of cuticular and ground resistances, ang@dbrly quantified role of in-canopy chemical processing.fér O3, the model
performs well on average f&tfO, deposition velocities (Table 3.4), with measured and nledelverage deposition velocities of 0.61 and
0.64 cm s'!, respectively. Unfortunately, the modellegdso, could not be evaluated for tropical ecosystems, due to tiedéfield data in

those environments.
3.5 Dry deposition model evaluation for OVOCs

Whereas the relationship between the stomatal resistafogifferent compounds (Sect. 3.3.2) is relatively stréfigtward (under the
reasonable assumption that their diffusivities are wefirapimated), the other critical resistances involved ia ¢anopy conductance are
much more variable, not well understood and probably mus$ \eell described by current deposition models. In the oaigiormulation
of Wesely (1989), the reactivity factgh (Sect. 3.3.4) was taken equal to 0 or 0.1 for all species bonezbased on estimated electron
activity for halfredox reactions in aqueous neutral solugi and on second-order reaction rates with S(IV). Thesesdcombined with the
assumptionf; = 1) imply very low deposition velocities (at most a few mm'$ for aimost all organic compounds. Based on limited data,
higher f, values were adopted by Zhang et al. (2002), e.g. 0.6 for PASNfdd organic hydroperoxides and 0.5 for organic nitralbes still
only 0.05 for most carbonyls, and their values for the sgalattor of the solubility-related term of the conductanggsor «, Eq. 42—46)
were very low except for the most soluble compounds.

More recently, the measurement over temperate and trojpieggts of very high (and very similar) midday depositiotoegies, of the
order of 2 cm s, for the poorly soluble MVK + MACR as well as for the more sdlIGLYALD and HYAC (Karl et al., 2010) indicates
that solubility plays only a minor role in determining thendoictance of OVOCSs, at least for the range of compounds deresi. In order
to rationalize their similar deposition velocities andithgmilarity with ozone, Karl et al. (2010) proposed to as®ufy = 1, resulting in
similar deposition velocities for all compounds.

However, this view has been challenged by deposition measents at a deciduous forest site in Brent, Alabama (Ngutah,2015)
suggesting a strong relationship between solubility aryddéposition, as the highest OVOC deposition velocitieseeund for the most
soluble compounds (such as HMHP and the sum of the isoprefrexyhydroperoxides ISOPOOH and dihydroxyepoxide IEP@X} the
lowest values among the considered species (which howéerod include MVK + MACR) were found for the poorly soluble diypgen
cyanide. This finding prompted Nguyen et al. (2015) to prepmsevision of Wesely’s parameterization for cuticular emesophyllic resis-
tances, which enhanced the role of Henry’s law constantsappdared to match their measurements quite well. Neveg$elhe authors
warned that the scheme is preliminary and that further atibd is needed before it can be implemented in models wittidence. In

particular, it was not tested against campaign measurenf@nitey, but poorly soluble, compounds like MVK or MACR, PANd ozone.
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PAN, PPN & MPAN at Duke forest
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Figure 5. Average measured (symbols) and modelled (curves) deposiéilocities (cm s') of PAN, PPN and MPAN at Duke forest (see
Table 5). The dash-dotted lines represent simulationteassumingi = 1 and f, = 2 in the calculation of surface resistances. The average
measured and modelled deposition velocities are givendetyparentheses for each compound.

In fact, there is no simple model which can reliably predi& tonductance of OVOCs only as a function of their Henryis danstants
and gaseous diffusivities. Whereas the deposition of lyeticcyanide &z 208 = ~10 M atm™* (Sander, 2015) an#®, = ~0.2 cn? ™!
(Fuller et al., 1969)) was found to be slow, of the order of @8s ' around midday at Brent (Nguyen et al., 2015), other compsuasl
soluble or even less soluble thHITCN, were shown to deposit much faster on vegetation. The faligwubsections provide an overview of
reported dry deposition data for OVOCSs, used for evaluadiuh adjustment of the deposition model.

3.5.1 PAN-like compounds

PAN-like compounds (e.g. PAN, PPN and MPAN) were shown toodidairly fast, at midday velocities of1 cm s ! (Turnipseed et al.,
2006), in spite of their lower diffusivitiesIj, = ~0.09 cnt s~') and Henry’s law constants (2—4 M atrf) (Sander, 2015) compared to
HCN. The model of Wesely (or Zhang et al. (2003)) strongly unskémeates their deposition velocity at Duke forest in Nortar@ina,
even when the reactivity factgi is taken equal to 1 Fig. 5); the calculated values would ba evech lower, by an order of magnitude,
with fo = 0 and f1 = 1. The field data clearly indicate the absence of any linoitato stomatal uptake, i.&R,, appears to be negligible
for those compounds. Furthermore, a large fraction of thefosition is non-stomatal (Turnipseed et al., 2006; Wi e2@12). The model
achieves a much better match with the data when assugaio§the order ofl0* for PAN (also PPN, peroxypropionyl nitrate) afd10*
for MPAN. The calculated deposition velocities remain tow laround midday, likely due to overestimated stomataktasces at that site
(~ 800 s nT* for PAN at midday in July 2007). The calculated non-stomatahponent of the total conductance around middayQs5
cm s ! for PAN, in agreement with the measurement-based estim@figrnipseed et al., 2006). Turnipseed et al. (2006) fousidrificant
enhancement of non-stomatal conductance under wet comslifafter a rain or when RH was very high), especially dutfiggnight. This is
reflected by the observed slow increase in deposition vgltimioughout the night, from-0.25 cm s at sunset tev0.6 cm s ! at sunrise
in the case of PAN (Fig. 5), a feature quite well reproducethieymodel. Furthermore, the model predicts a faster nighttiptake of PAN
compared td)s, by almost a factor of 2, in accordance with field studies (Sba et al., 1992; McFayden and Cape, 1999). Note that the
model assumptions adopted by Paulot et al. (201/8)=0 and fo = 2) lead to an slightly larger overall underestimation of tlepaiition
velocities and in particular of the daytime non-stomatahponent (by a factor of 2), but it reproduces very well therage nighttime

deposition rates.
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Table 3. Ozone dry deposition velocity measurements used in thik Ml is the reported leaf area index {rm~2), when available (values
in parentheses are assumed), LT is local tinfj&3 andv ¢ the average measured and modelled deposition velocipecésely. FNS stands
for Fazenda Nossa Senhora. References: 1, Wu et al. (201Pgd2o et al. (1991); 3, Fares et al. (2014); 4, Finkelsteah €2000); 5,
Kurpius et al. (2002); 6, Kumar et al. (2002); 7, Rannik e{2012); 8, Hole et al. (2004); 9, Mikkelsen et al. (2000); E@n et al. (1990);
11, Rummel et al. (2007); 12, Karl et al. (2010); 13, Fowleale{2011); 14, Cros et al. (2000); 15, Stella et al. (2018); Mleyers et al.
(1998); 17, Wesely (1978); 18, Padro et al. (1994a); 19, d*atlal. (1994b); 20, Rummel et al. (2007) and Kirkman et £10&). Notes,

gradient method’, eddy covariance method.

Site name Dominant plant Latitude N and period LT LAIS™ (v°9)  Ref.
functional type longitude E°} hour cms!
Harvard forest, Mass. broadleaf deciduous forest 42.542-7  06-08/2000 0-24 3.5 0.50(0.47) 1
09-10/2000 0-24 3.5 0.59(0.38) 1
Borden, Ontario broadleaf deciduous forest 44.3, -80.9 08171991 0-24 5 0.58 (0.39) 2
Castelporziano, Italy Holm oak forest 41.7,12.4 03-05R01 0-24 4.8 0.34 (0.36) 3
06-08/2013 0-24 48 0.23(0.21) 3
Kane, Pennsylvania broadleaf deciduous forest 41.6, -78.8 06-08/1997 0-24 6.5 0.83 (1.05) 4
Sand Flats, New York mixed forest 43.6, -75.2 06-09/1998 40-2 6.5 0.82(0.94) 4
Duke forest, N. Carolina loblolly pine plantation 35.979:-1 04-05/1996 0-24 3 0.39(0.41)
Blodgett, California Ponderosa pine plantation 38.8,:120 06-08/1999 0-24 3.6 0.30(0.23) 5
Niwot Ridge, Colorado coniferous forest 40.1, -105.6 0620 0-24 4.2 0.28 (0.30) 6
Hyytiala, Finland coniferous forest 61.8,24.3 06-08/2002 0-24 6 0.42 (0.47) 7
Hurdal, Norway coniferous forest 60.4, 11.1 06-08/2000-0®-24 4.5 0.33 (0.44) 8
Ulborg, Denmark coniferous forest 56.3, 8.4 06/1994 0-24 ) (50.51" (0.59) 9
078 (0.59) 9
Ducke, Amazonas tropical evergreen forest -2.6,-60.1 $a9B7 0-24 7 0.95 (0.95) 10
Rebio Jarl, Rondbnia tropical evergreen forest -10.19-61.  05/1999 0-24 5.6 0.65 (0.58) 11
09-10/1999 0-24 5.6 0.85(0.69) 11
Cuieiras, Amazonas tropical evergreen forest -2.6, -60.1 2/20D8 10-14 5.5 2.3(1.85) 12
Bukit Atur, Borneo tropical evergreen forest 4.9,117.8 2008 9-15 6 0.26 (1.26) 13
06-07/2008 9-15 6 0.94 (1.32) 13
Enyélé, Congo tropical evergreen forest 2.8,18.1 11-9819 10-13 6 1.5 (1.47) 14
Grignon, France maize field 48.8,1.9 05-08/2008 0-24 4 DaB) 15
Lamasquere, France maize field 43.7,1.4 06-08/2008 0-24  3@33(0.41) 15
Bondville, Illinois maize field 40.1, -88.4 08/1994 0-24 3 3D(0.33) 16
Sangamon, lllinois maize field 39.8, -88.8 07/1976 9-18 (3) .41@0.46) 17
Fresno, California vineyard 36.8,-120.1 07-08/1991 0-24 30.31(0.28) 18
Fresno, California senescent grass 37.1,-119.8 07-08/199 0-24 1 0.09 (0.23) 19
Sand Mountain, Alabama grassland 34.3,-85.97 04-06/1995 -24 0 1.65 0.24 (0.41) 4
FNS, Rondénia pasture -10.7,-62.3 05/1999 0-24 21 0.3%(0. 20

10/1999 0-24 1.2 0.35(0.27) 20

VN
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Table 4. Sulfur dioxide dry deposition velocity measurements usetis work. LAl is the reported leaf area index{m—2), when available

(values in parentheses are assumed), LT is the local time)hg andv°? the average measured and modelled deposition velocity,

respectively. Notest: v estimated from branch enclosure measurements (see teféyeRces: 1, Padro et al. (1993); 2, Finkelstein et al.

(2000); 3, Fowler and Unsworth (1979); 4, Meyers et al. (3998Hicks et al. (1986).

Site name Dominant plant Latitude N and period LT LAIvSPS (vF°d)  Ref.
functional type longitude E°) hour cmst
Borden, Ontario broadleaf deciduous forest 44.3,-80.9 0403990 8-17 (0.3) 0.5(0.53) 1
21-6 (0.3) 0.1(0.36) 1
Kane, Pennsylvania broadleaf deciduous forest 41.6, -78.806-08/1997  9-15 6.5 1.09 (1.06) 2
20-4 6.5 0.25(0.27) 2
Sand Flats, New York mixed forest 43.6,-75.2 06-09/1998 59-1 6.5 1.1 (1.07) 2
20-4 6.5 0.17(0.31)
Nottingham, UK wheat crop 52.8,-1.1 05-07/1974  8-18 4.5 (2.99) 3
18-8 45 0.64(0.84) 3
Bondville, lllinois maize field 40.1, -88.4 08/1994 0-24 3 66.0.44) 4
Sand Mountain, Alabama grassland 34.3, -85.97 04-06/199524 0 1.65 0.58 (0.49) 4
Southern Ohio grassland 39.8, -83.6 09/1979 11-16  (3) Q.&B) 5
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Table 5. Dry deposition velocity data of OVOCs used in this study. ligsthe reported leaf area index {rm~1!), when available (values
in parentheses are assumed), LT is the local tigfie% and v7°? are the average measured and modelled deposition veld¢itgn the
measurement refers to a sum of several compounds, the maldel ig an average weighted by their model-calculatedivelabundance.
MVKMAC stands for the sum MVK+MACR+0.44 ISOPOOH; MVKN, for MKNO3+MACRNO3. References: 1, Schade et al. (2011);
2, Karl et al. (2005); 3, Rantala et al. (2015); 4, Laffineualet(2012); 5, Schallhart et al. (2016); 6, Karl et al. (2Q04)Langford et al.
(2010); 8, Misztal et al. (2011); 9, (Valverde-Canossa et24106); 10, Hall and Claibron (1997); 11, Karl (2009b); Kayl et al. (2010);
13, Andreae et al. (2002); 14, Turnipseed et al. (2006); 18lférét al. (2009); 16, Rottenberger et al. (2004); 17, Kuhal.(2002); 18,
Sanhueza et al. (1992); 19, Nguyen et al. (2015); 20, Russlo(@010). Notes?, corrected for non-deposition fluxes (see tektgstimated
from branch enclosure measurements, assuring R, =40 s m .

Site Dominant plant  Latitude Nand month(s)/ LT LAl Species  v3”® (vP°Y)  Ref.
functional type longitude E°{ year(s) hour cmst

Soroe, Denmark beech forest 55.4,11.7 6/2007 0-24 5 3 @HH 1.1(1.07) 1

Duke forest, NC pine plantation 35.98, -79.1 712003 22-5 3 3GH 0.96 (0.80) 2

Hyytiala, Finland coniferous forest 61.8,24.3 5/2010-13 -240 6 CHOH 0.18 (0.44) 3

9/2010-13  0-24 6 CKOH 0.50 (0.46) 3

Vielsalm, Belgium mixed forest 50.3, 5.99 7-9/2009 0-24 5)3. CHsOH 1.78 (1.25) 4

Bosco Fontana, It. oak forest 45.2,10.74 6-7/2012 2-8 (3.5CH;OH 0.21 (0.3) 5
Costa Rica tropical rainforest 10.4,-83.9 4-5/2003 18-6 2 4. CH;OH 2.9 (1.09) 6,2

Bukit Atur, Borneo tropical rainforest 49,117.8 4-5/2008 0-24 6 CHOH 0.36 (0.62) 7

6-7/2008  0-24 6 CHOH 0.57 (0.63) 7

Borneo oil palm plantation 5.2,118.4 5-6/2008  0-24 6 3O 1.25(1.38) 8

10-14 CHOH 2.3(2.08) 8

Bavaria, Germany spruce forest 50.0, 11.7 7/2001 0-24 (5) sQEBPH ~1.2 (1.11) 9
Boardman, Sask. jack pine forest 53.9,-104.7 6-8/1994  9-12.1 ROOH 1.6 (1.84) 10

Duke forest, NC pine plantation 35.98, -79.1 712003 10-17 3 VKWMAC 0.33(1.89) 2

22-5 MVKMAC 2.4 (1.39) 2

Borneo oil palm plantation 5.2,1184 5-6/2008 8-17 6 MVKMAC 0.87 (2.17) 8
Costa Rica tropical rainforest 10.4, -83.9 4-5/2003 10-14.2 4 MVKMAC 1.6 (3.28) 6,11
Cuieiras, Amazonas tropical rainforest -2.6, -60.2 2/200810-14 55 MVKMAC 2.4 (2.09) 8,12
Cuieiras, Amazonas tropical rainforest -2.6,-60.1 119199 10-14 5.5 MVKMAC 2.4 (1.68) 13
Duke forest, NC pine plantation 35.98, -79.1 7/2003 0-24 3 NPA 0.51 (0.59) 14
MPAN 0.74 (0.65) 14
PPN 0.71 (0.51) 14

Blodgett, CA pine plantation 38.8,-120.7 9/2007 10-14 51 ANP 0.3-0.5' (0.32) 15

MPAN 0.3-0.5 (0.29) 15

PPN 0.3 (0.34) 15
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Site Dominant plant  Latitude Nand ~ month(s)/ LT LAl Species v5 (v°9) Ref.
functional type longitude E°) year(s) hour cmst
Jard, Ronddnia tropical rainforest -10.1, -62.9 5,9-1919 8-17 55 CHO 0.71 (0.69) 16
CH3CHO 1.00 (1.10) 16
Cuieiras, Amazonas tropical rainforest -2.6,-60.2 2/2008 10-14 5.5 CHCHO 1.40 (1.80) 11,12
Duke forest, NC pine plantation 35.98, -79.1 712003 22-5 3 3CHO 1.29 (1.02) 2
10-17 3 CHCHO 2.3(1.12) 2
Duke forest, NC pine plantation 35.98, -79.1 712003 22-5 3 3CBCH; 0.46 (0.45) 2
Cuieiras, Amazonas tropical rainforest -2.6, -60.2 2/2008 10-14 5.5 HYAC 2.1(1.99) 11,12
GLYALD 2.1(2.13) 11,12
Jar(, Rondo6nia tropical rainforest -10.1, -62.9 5,9-19819 8-17 55 HCOOH 0.83 (1.09) 17
CH3;COOH  0.74 (0.88) 17
Duke forest, NC pine plantation 35.98, -79.1 7/2003 22-5 3 3CEOH 1.3(0.62) 2
10-17 3 CHCOOH 3.1(0.57) 2
Bukit Atur, Borneo  tropical rainforest 4.9,117.8 4-5/2008 0-24 6 CHCOOH 0.14 (0.52)
Venezuela cloud forest 10.5, -66.9 3-12/1989 21-6 4 3CEBOH  0.68(1.21) 18
HCOOH 1.1(1.98) 18
Brent, AL deciduous forest 32.9,-87.24 06/2013 0-24 4.7 I@EO  0.43 (0.44) 19
HMHP 1.64 (1.55) 19
IEPOX + 1.04 (1.19) 19
ISOPOOH
PAA 1.11(1.16) 19
HPALD 1.01(1.12) 19
ISOPN 0.64 (0.71) 19
MVKN 0.59 (0.63) 19
NOA 0.75 (0.72) 19
HYAC 0.74 (0.66) 19
BIACETOH  0.46 (0.39) 19
DHBO 0.47 (0.44) 19
NISOPOOH  0.58 (0.55) 19
APINONO2  0.30 (0.39) 19
New Hampshire mixed forest 43.1,-70.95 6-8/2002 21-6 35 ;@NO; 0.13 (0.10) 20

The observations clearly suggest that liquid water in leaweneedles accelerates a form of reactive uptake of PANeldmpounds by

vegetation. The highef; value for MPAN might reflect a higher reactivity in leaf/néedvater due to the presence of the double bond in

the molecule. Caution is warranted, however, since PPN Vgasfaund to deposit faster than PAN. The measurements rbiglaffected

by chemical production and loss within the canopy (Farmdr@ohen, 2008). Although the chemical contributions to theeoved fluxes

were estimated to be small at Duke forest by Turnipseed €@06), they were found to be significant in a field study atreeilantation
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(Blodgett forest) in California (Wolfe et al., 2009) (Taldg On one hand, the thermal loss gradient was estimatedhtdlmate substantially
to the measured exchange velocity, defined as the ratio afdtig covariance flux to the concentration. This contributgosmall at night
but reaches~0.2 cm s! around midday, and even much more during warm periods (Véoléé, 2009). On the other hand, a larger
photochemical production of PAN and MPAN compared to PPN praposed to explain the substantial difference betweemisasured
exchange velocities of PAN or MPAN (0.3-0.4 cm'§ and PPN (0.7 cm's'). A even larger difference (factor of three) was derived whe
considering only the warm measurement period. The obsesxeltange velocity of PPN, i.e.0.5 cm st after correction for the thermal
decomposition gradient might be a more realistic estimaiothe deposition velocity of PAN-like compounds at thiesiThe conclusion
of a strong role of photochemical production of peroxy nésaat Blodgett forest is supported by the large observedurtgpfluxes of peroxy
nitrates £ PNSs) at this site in August 2005 (Farmer and Cohen, 2008)wihidicated a strong photochemical production favouredigh h
within-canopyOH levels ¢ 3-107 molec. cnm®) and high emissions of very reactive BVOC compounds. Theqaih@mical production of
PAN and MPAN could possibly also explain the faster deposiof PPN compared to PAN at Duke forest, if tB&] levels in the canopy
were high enough to cause a strong gradient in the photochéprioduction of PAN and MPAN.

To summarize, our model adoption of high values for PAN-like compounds appears justified as it leads fair agreement at Duke
forest (acknowledging the stomatal conductance underastin) and to a moderate underestimation at Blodgett f¢Teble 5). The latter
is partly due to an underestimation of the stomatal conaieet£0.08 vs. 0.12 crms for PAN around midday). A fairly good performance
of the model could also be achieved by adopting a lofiewith fo > 1 as in Paulot et al. (2018). More measurements will be neealed t

further validate and refine the parameterization.
352 MVK+MACR

The major isoprene oxidation products, MVK and MACR, areyasiightly more soluble than PAN. Their uptake by leaves dfedént
Quercus species was shown to be a significant sink in fumigation exparts by Tani et al. (2010), which indicated very low valwés
the ratio of intercellular to external concentration for IR (also crotonaldehyde) and to a lesser extent for MVK. Hs¢ deposition of
MVK + MACR was also indicated by several field studies at toapand mid-latitude forest sites, with daytime depositietocities ranging
between~1 and 2.5 cm s* (Table 5 and Fig. 3), well matched by the model when adopfing 5 - 10, i.e. the same value as fdfPAN.
Caution is needed due to the potential interference of swhydroxyhydroperoxides (ISOPOOH) in the measuremekif\f + MACR
(Liu et al., 2013; Rivera-Rios et al., 2014; Bernhammer gt28117). The precise dependence of this effect on the mstnti configuration
is complex and unfortunately not well established for the flieasurement campaigns used in this study. Here we assupi@ersion
efficiency of 44% as reported for the 1,2-ISOPOOH isomer ¢RivRios et al., 2014) and consistent with the upper limB@¥ derived
by Wolfe et al. (2016) for ISOPOOH. The precise value of tlasgmeter has only a minor influence on the model results dtietlmwer
reactivity and generally higher abundance of MVK + MACR caredl to ISOPOOH. In particular, the high deposition velesimeasured
over Amazonia, Borneo, Costa Rica and North Carolina (Tept&nnot be explained by the interference alone, basedeguettameterized
deposition velocities of ISOPOOH constrained by recend fietasurements in Alabama (see further below) and on thelgiaidel results
indicating a maximum contribution of ISOPOOH to the obsdrsignal of about 20% at the measurement sites (assuming dddérsion).
The model values shown in Table 5 and Fig. 3 are average digwogtlocities for the sum MVK+MACR+0.44 ISOPOOH, weigtitey the
model-calculated concentrations.

Another complicating issue is the evidence of MVK and MACRission which could outbalance or at least mask part of the MVK
+ MACR deposition flux. Although this emission was found toregligible for several broadleaved deciduous tress (Ferals, 2015),

(small but) positive fluxes were found at a tropical foresBorneo (Langford et al., 2010), at deciduous forests in gerpirig et al.,
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2005; Kalogridis et al., 2014; Brilli et al., 2016; Schalthat al., 2016) and at an orange orchard in California (Paek.£2013). Emission
of MVK or MACR might be caused by the oxidation of isoprenegaves (Jardine et al., 2012; Fares et al., 2012; Cappebin, &017), by
the oxidation of diterpenoids emitted by plant trichomegl(8t al., 2016) and/or by the decomposition of isoprenedyydrydroperoxides
on plant surfaces, similar to their reaction on the metdlases of analytical instruments (Bernhammer et al., 2018zl et al., 2016).
Therefore, daytime deposition velocities based on flux mnessents (Table 5) should be considered as lower limits ight possibly ex-
plain some of the model overestimation of deposition veélesiduring daytime (Duke forest, Costa Rica), although thimains speculative.
At the oil palm plantation in Borneo, the model overestimatior MVK + MACR is at least partly in line with the overestitian for ozone
(Fig. 3(c)) which suggests a large model underestimatiobotifi stomatal and cuticular resistances for that ecosyd®amardless of the
model failure, the much higher deposition velocity obsdrie@ MVK+MACR compared to ozone at that site corroborateseakistence of a
large non-stomatal component to their deposition, jusstifyhe adoption of a higli; value for those compounds. Indeed, their low solubility
and lower diffusivity compared to ozone (0.095 vs. 0.18 @n') would lead to a lower deposition velocity compared to ozibng was
of the order of 1. At Cuieiras in Amazonia during the AMAZE gaaign (Karl, 2009a, b; Karl et al., 2010), the depositioroeiles of O3
and MVK+MACR were very similar and both very high-2 cm s™1). However, whereas the ozone deposition flux was primatignatal,
the flux of MVK+MACR had a strong non-stomatal component,eensfrom the large underestimation of the deposition vsla@alculated
with fo = f1 =1 (Fig. 3(d)). The same holds for the deposition velocity ofitoxyacetone (HYAC), which would also be underestimated
by Wesely’'s model withfy = f1 = 1, in spite of its higher Henry’s law constant. Note that thederate model underestimation of the ozone
deposition velocity (1.85 vs. 2.3 cm') could have a number of reasons, including the gas-phastameaf ozone with reactive terpenoids
(as discussed in Sect. 3.4) or with nitric oxide emitted leysbil, or the surface reaction of ozone with semi-volatitergenoid compounds
(Jud et al., 2016).

Note that the highf; value implies very low mesophyllic resistancds,( << 1 s n 1), whereas small but non-negligible limitation to
stomatal uptake found by Tani et al. (2010) for oak sapliegpgecially for MVK. Further work is needed to further elatiel the processes
and constrain the parameters of MVK and MACR deposition.

3.5.3 Acetaldehyde, acetone and for maldehyde

Acetaldehyde is another poorly soluble organic compoumdmuich fast deposition (1-2.3 cn 8) was observed at several forest sites
(Table 5). Acetaldehyde fluxes are generally bidirectipnal it is also emitted by foliage (see Millet et al. (201@daeferences therein),
implying the existence of a compensation point, defined esthbient concentration above which there is net depostgia below which
emission dominates. The compensation point ranged betwB8ehand> 1 ppbv above a tropical forest (Rottenberger et al., 2004)alk w
as above ryegrass (Custer and Schade, 2007), but it takes ngleer values (6 ppb) e.g. over spruce under warm congit{érppbv)
(Cojocariu et al., 2004). Rottenberger et al. inferred sopgiresistance 0f50-70 s mT* at a tropical rainforest site (Jard), based on the
observed dependence of the fluxes on ambient concentrakarnhermore, whereas stomatal conductance dominatetbtdleexchange
during the wet season (May), a substantial part of the flux¢up50%) was thought to be non-stomatal during the dry seasoergticbss
conditions, when the stomata were largely closed due toteigiperatures and the resulting large vapour pressuretd@fi@ observations
are fairly well reproduced by adopting = 2-10* for CH;CHO. Thewv, overestimation at Cuieiras (1.8 vs. 1.4 crh) is not unexpected
since the reported exchange velocity is a net flux includippt@ntially significant emission component. The hjghvalue for acetalde-
hyde is qualitatively consistent with its faster-than-esied uptake by cloud droplets suggesting the formationsafreace complex (aldol

condensation) at the water-air interface (Jayne et al2)199

27



10

15

20

25

30

35

Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-317
Manuscript under review for journal Geosci. Model Dev.

Discussion started: 19 December 2018

(© Author(s) 2018. CC BY 4.0 License.

There is unfortunately little data on the deposition of anetand formaldehyde, to a large degree because biogerssiemirequently
dominates over deposition. To our knowledge, daytime aestieposition has not been documented. At Duke forest, wasdlke deposition
in the lower canopy was more than compensated by upper-gamjssions favoured by high visible radiation levels (Katrél., 2005). At
night, significant deposition occurred, although its eatizd exchange velocity{0.46 cm s ') was about twice lower than that of methanol,
presumably because of its lower solubility in water.

In spite of the much higher solubility of formaldehyd&#7® = 3200 M atnT!) compared to acetaldehyde and acetone, its deposition
was found to be slow, and it appears to proceed primarilyugjinathe stomata, i.e. cuticular resistance is likely higbt@berger et al.,
2004; Seco et al., 2008; Brilli et al., 2014). The formaldddfluxes are generally bidirectional, with primary emissitower than those of
acetaldehyde or acetone for Norway spruce (Cojocariu,2@04; Miller et al., 2006), but dominant among small caytefor Eucalyptus
(Winters et al., 2009). The mesophyll resistanBg,] is believed to be non-negligible, as it was found to be ofshime order as the stomatal
resistance at Jaru (Rottenberger et al., 2004). The limaadable data therefore suggest a low valueffio(~0.03), andf, = 0.

3.5.4 Methyl hydroperoxide

There is little data available on the deposition of methydioperoxide. The large scatter and high uncertaintieseofithx measurements at

a spruce forest in Bavaria (Valverde-Canossa et al., 20@8)Jyxle the derivation of a reliable estimate. Nevertlslge ratio of the average
reported flux (0.03:0.03 nmol mr! s~!) to the mean concentration-0.07 ppb) implies a deposition velocity closetd cm s°!, fairly

high considering the moderate Henry’s law constan€8i; OOH (310 M atnT '), but much lower than the average measured deposition
velocity of H,O» (5 cm s™!) for which surface resistance is negligible (Valverde-@ssa et al., 2006). Hall and Claibron (1997) measured
the deposition of the total organic peroxides (ROOH), amehigch CH; OOH is a major component at the measurement site according to
our model calculations (53%) as well as according to spediatganic hydroperoxide measurements at the site. Besigiesll contribution

of higher alkanoic hydroperoxides (3%), the rest consigistty in more soluble compounds such as peracids and hydwyoperoxides

for which deposition to vegetation was recently shown todrg Yast (Nguyen et al., 2015) (Fig. 6). Given these constsain the deposition

of functionalized hydroperoxides, the ROOH at#ls OOH deposition data are reasonably well reproduced (Table Shdynodel when
adopting f1 = 400 for non-functionalized hydroperoxides. Note thatathtsites (Bavaria and Saskatchewan), the model capturéthere
measured high deposition velocity B, O, (around 5 cm s' during the day), when adopting a very highvalue (10%).

3.5.5 Methanol

The exchanges of methanol are bidirectional, with a largesgion component (especially during daytime) dependenteahage and
usually highest around midday (Stavrakou et al., 2011; heifi et al., 2012; Wohlfahrt et al., 2015), although nigh&tiemissions were
also reported (Schade et al., 2011). At some sites, howdgpgsition may dominate over emission (Laffineur et al., 220disztal et al.,
2011). Methanol deposition is strongly enhanced in humitt@@ns, indicating that dew and/or needle/leaf/soilevgilays an important
role. Methanol may be adsorbed or dissolved in this waterearntually be degraded and removed (Karl et al., 2004)hddet! taken up by
dew is potentially released back to the gas-phase upon etipn however. Deposition velocities often exceedingnlsc' were reported
from the analysis of methanol flux measurements at foress sittropical regions and at mid-latitudes (Table 5). Tighést values at mid-
latitudes were found at a mixed forest site near VielsalmafgBim (1.78 cm S' on average, 2.4 cnms in wet conditions), consistent with
a large, strongly humidity-dependent non-stomatal corapbrin contrast, much lower deposition velocitieg(2 cm s 1) are derived from
the reported early morning fluxes at an oak forest (Boscodr@)tin Italy, assuming emissions to be still small at these(2-8 LT). The

low relative humidities and friction velocities at Boscorffana might explain the large difference relative to Viktsayiven the influence of
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Figure 6. Average measured and modelled deposition velocities attBAdabama. Compound notation as in Table 1 except ISOPN =
ISOPBNO3 + ISOPDNOS3, ISOPOOH = ISOPBOOH + ISOPDOOH, NISOPIGONISOPOOHD + NISOPOOHB, HPALD = HPALD1

+ HPALD2. When the data refer to the sum of several compouhdanodel value is an average weighted by their model-catiedlIrelative
abundances. The dotted lines represent the calculatedsvidu individual compounds. The dash-dotted lines reptessults assuming

fo = f1 = 1inthe resistance calculation. The 24-hour averages aea @ivthe top right corner of each plot (measurements in biackdel

in red, the simulation assuminfy = f1 = 1 given in parentheses). The aerodynamic resistance usid sirhulation is inferred from the

measured nitric acid deposition velocity, assumitig= 0 and with R;, obtained from the model.
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these parameters on cuticular resistance (Sect. 3.3.B)difference as well as the other reported methanol depnositlocities are fairly
well captured by the model, when usirfg = 600. At the palm plantation, the magnitude and the diurgelecof the deposition velocity
with a marked midday maximum>@2 cm s ') are well reproduced by the model, but possibly for wrongoaa, since the modelled diurnal
cycle is driven by stomatal exchange, whereas the ozonesiigpodata suggested very low stomatal conductances 8rigut if indeed
the stomatal resistances are very high at this site, themedsr the observed midday maximum of the methanol dry déposelocity are

unclear.
3.5.6 Formicand acetic acid

The effective Henry's law constant of carboxylic acids§;{) is substantially enhanced by their dissociation in water,
Ki=Ku-(1+Ka/[H") 7

whereK 4 is the dissociation constant equallt® - 10~* for HCOOH and1.7 - 10~° for CH;COOH (Lide, 2000). In pure neutral water,
there is therefore more than an order of magnitude differdratween the effective solubility of formic (1167 M atm~!) and acetic acid
(7-10° M atm™'). However, theK'}; values estimated from simultaneous measurements of gascareous-phase concentrations in fog or
dew at several sites (see Khare et al. (1999) and refereimeesi) show little dependence on pH and are much more sibetaveen the two
compounds43-10* and~8-10* M atm~!). The causes for these departures from theoretical equitibare not well understood, although
hypotheses have been formulated (e.g. the presence ofioftas limiting mass transport). The ratio of field-bas&q; values for the two
compounds is ca. 2.5, similar to the ratio of their simple isriaw constantk i (Sander, 2015). This justifies the use of the simple;{
instead of the effective Henry’s law constants in the patanmation of the canopy resistance (Sect. 3.3.4 and Tgble 1

Furthermore, this choice leads to a good model agreemehtexjerimental estimates in the rare field studies wigtg®)OH and
CH3;COOH deposition velocities were simultaneously determineditioa is warranted, since carboxylic acid fluxes are bidiog@l, with
compensation points ranging between 0.16 a2dl ppbv, and since vegetation might be a larger source ofifocompared to acetic acid
(Jardine et al., 2011b). Nevertheless, as seen in TableRdbption of a unique value fgi (20) for both species leads to a good model
simulation of the small difference (facterl.1) between their daytime deposition velocities at Janind®nia (Kuhn et al., 2002), as well as
the larger, difference at night in the Venezuelian cloud forest (fadi@®) (Sanhueza et al., 1992). Note that biogenic emissiessually
very low at night, and that the presence of a compensationt p@s accounted for by Kuhn et al. (2002) in their derivatiérdeposition
velocities at Jaru. The different; ratios at the two campaigns are explained by the much highmidity and friction velocity at night in
the cloud forest, giving a major role to cuticular conduceifwhich is proportional td{;) at this site, whereas deposition was primarily
stomatal during daytime at Jart (Kuhn et al., 2002), imgydrstronger role for gas-phase diffusivity,. D, is only about 1.2 times larger
for formic than for acetic acid, whereas théir; differs by more than a factor of 2.

Both stomatal and non-stomatal pathways were significaimgldaytime at Brent, Alabama. Deposition through the stamvas however
dominant, as shown by the timing of the peak (around 9:00 LT) likely resulting from the dependentstomatal resistance on solar
radiation and the vapour pressure deficit (Sect. 3.3.2).

3.5.7 Higher hydroperoxidesand peroxyacetic acid

As seen on Fig. 6, among the organic compounds investiggtBigibyen et al. (2015), the highest midday deposition véiles{4-5 cm 51)
were measured fddOCH,OOH (HMHP) which is at the same time among the most solublg (=~ 2-10° M atm™!) and fast-diffusing
(D, = 0.12 cm® s ') organic species considered. A unique valug0{50) is assumed for hydroxyhydroperoxides (including HMéifel
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ISOPOOH) and for the functionalized epoxides (includin@&X). The estimation is crude deposition velocities arg ar@akly dependent
on f1 at high f; and because of the large uncertainties in the Henry’s Lawsteaois; for example, ouk ; for IEPOX and ISOPOOH are
about 30 times lower than the estimate by Marais et al. (202@) value ofx (as defined in Eq. 45-46) for ISOPOOHNZ25) is similar to the
value (20) adopted by Paulot et al. (2018). For HMHP, alttioting simulation withf; = 1 clearly underestimates the deposition velocity
(factor of 2 around noon), the precise valuefefis unimportant as long aBeut << R. + Ry (~20 s m 1), such that the overall canopy
resistance is negligible. Cuticular deposition is larg#yninant for HMHP and more generally for all fast-deposgjtatompounds, because
both the stomatal resistanég and the in-canopy transfer resistari¢ég are much larger thaRcu:.

The surface resistance for IEPOX is also expected to begilelglidue to its very high estimated solubility. Its depiositis only slightly
slower compared to HMHP (by 18%), due to a lower diffusiviby (60%) resulting in a higher quasi-laminar layer resistaRg. The
isoprene hydroxyhydroperoxides ISOPOOH, being somevelsatdoluble, have a non-negligible cuticular resistarsdtiag in a lowery,

(by ~ 20%) compared to IEPOX. Cuticular resistances s CO(OOH) (PAA) and for the hydroperoxy enals (HPALD) should also be
small but non-negligible~10-50 s nT!) in order to explain their high observed middayof ~3 cm ~'. The corresponding values fgt

are taken equal t6- 10° and 30, respectively.
3.5.8 Organicnitrates

The only field-based deposition velocity estimate for sigkyl nitrates is an average nighttimgestimation for methylnitrate{H; ONO5),
0.13 cm s during summer in a New Hampshire forest (Russo et al., 20h@restingly, thef, value (1000) required to reproduce this
high value (considering its very lo ;; of only 2 M atm™!) is the same as th¢ value needed for the isoprene hydroxynitrate family
(ISOPN on Fig. 6) and for nitroxyacetone (NOA) in comparsavith the field data at Brent (Nguyen et al., 2015) (Fig. 6)cémtrast,
the hydroxycarbonyl nitrates MVKNO3+MACRNO3 (includirigHs COCH(ONO2)CH2;OH andOCHC(CHs)(ONO2)CH2OH) were
found to deposit more slowly<(2 cm s™!) than NOA in spite of their much higher predicted solubilfty 10° M atm~! for the major
isomer,CH3;COCH(ONO2)CH2OH, vs.10®> M atm™' for NOA). This relatively slow deposition is reproduced Inetmodel by setting
f1 = 6 for the trifunctional nitrates. Although the additiormsidroxy group in MVKNO3+MACRNO3 would appear to justify aghier K 7,

a substantial overestimation cannot be excluded giveratige K uncertainties for polyfunctional compounds and the nogediéncy of
group-estimation methods to underestimate the vapouspre®f highly oxygenated species. Thevalue for such compounds will be ad-
justed when experimentd{ ;; estimations will become available. Interestingly, thereabfo = f; - K /10° is relatively similar (between 6
and 12) for ISOPBN, NOA and MVKNO3 (by far the major componefithe sum MVKNO3 + MACRNO3), consistent with the evaluation
by Paulot et al. (2018) also based on the Brent dataset.

3.5.9 Other compounds

As in the case of organic nitrates, the simpler hydroxycaytso(HYAC and GLYALD) are found to deposit faster (maximuralwes of
~2 cm s ! in Cuieiras and in Brent) than the trifunctional compounaiswhich data is available (BIACETOH;H3; COCOCH-OH and
DHBO, CH3COCH(OH)CH2OH) (Fig. 6 and Table 5), in spite of the much higher estimdted of the latter compounds. As above, this
might reflect a largd<y overestimation for such compounds, although a larger éomispartially masking the deposition flux, could also
explain the difference, or the simpler (difunctional) caapds might be more efficiently consumed by the plants.

Regarding the other compounds, tfievalues used in the model (Table 1) are extrapolated fromaicompounds for which experimental
data is available. In particular, given the general pattédow f; values (of the order of 1) required to match experimentabditjon data

for trifunctional compounds (except IEPOX), we adgpt= 1 for all compounds with three or more functionalities, cotinting the epoxide
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and lactone groupsf; = 1 is also assumed for the simple dicarbonyls (glyoxal anthyhglyoxal), for which the field-based nighttime dry
deposition velocity estimate by Huisman et al. (2011) (@r8sc* for glyoxal at Blodgett forest in September 2007) remainsrestimated

by the model (0.5 cms'). This might be due to an underestimation of the combineddyeramic/quasi-laminar boundary layer resistance
(also suggested by the comparison for ozone at that siterige@(d)), or to uncertainties in the field-based estimaléctvis based on
the observed nighttime decay of near-surface glyoxal aunaton. Clearly, more flux measurements are needed forge laumber of

oxygenated VOCs for which little or no data is currently éadalie.

4 Regional and global modelling

4.1 Model description and simulations

The MAGRITTE model calculates the distribution of 175 chemhicompounds either globally at Patitude) x 2.5 (longitude) resolution,
or regionally at 0.5x0.5° resolution. The meteorological fields are provided by ECMBRA-Interim analyses (Dee et al., 2011). Most
model parameterizations, including the transport schameyit from the IMAGES model (Stavrakou et al., 2009a, Hl2MBauwens et al.,
2016). The trace gas emissions and the chemical degradatieme of biogenic VOCs are presented in detail in a compapémer
(Muller et al., 2018). Oceanic emissions of methanol, ddeteyde and acetone are calculated as described in Sedt. 3.3

As in Muller et al. (2018), MAGRITTE is run for a period of 18 mihs starting in July 2012 at the global scale%2.5° resolution) and
at the regional scale for the U.S. (0.&solution). Only the results for the year 2013 are disalibsee. Two simulations are conducted. In
the standard run (STD), all NMVOC sources are considereith, dviy deposition velocities calculated as described irptiegious sections.
In order to separate the contributions of NMVOCs and methatdation to the dry deposition fluxes, an additional run amaucted
(METHONLY) neglecting all NMVOC sources. The latter simiita uses oxidant fieldsYH, HO2, NO, NO2, NO3 andO3 concentrations)
calculated by the STD run, so that the difference betweetvtbesimulations (STD - METHONLY) represents the impact ohnoethane
VOCs.

4.2 Model results

Figure 7 illustrates the annually averaged depositionciglalistribution calculated for a few compounds at the glodrale. Over oceans,
the highest values(1.5 cm s'!) are found for fast-diffusing, soluble compounds (€&;OH andHCOOH) at around 50-60 latitudes

of both hemispheres, which are characterized by the highiesis. Unsurprisingly, over continents as well, the higlteposition velocities
are found for the most soluble compounds, HMHP and IEPOX (n5 ! over forests). However, even very poorly soluble compounds
like PAN undergo significant deposition at velocities agmfting 1 cm ' over Amazonia and other forested areas, in consistencyfieith
data (Sect. 3.5). It is even found that MVK (or MACR) depoéitster over forests than the considerably more soluble comisCH3; OH

and HCOOH. Caution is needed, however, in view of the large unceiggnin particular for MVK and MACR, for which the model
performance is highly variable against measurements ¢ &blwith frequent occurrences of large under- and ovenesibns. Furthermore,
the existence of a large emission component to the measurexs bf many OVOCs (methanol and formic acid in particulaghnhave led

to an underestimation of the parameterized depositiorciteds based on observed exchange velocities.
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(b) PAN

(c) CH,CHO
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Figure 7. Global annually-averaged deposition velocity (c sof (a) ozone, (b) PAN, (c) acetaldehyde, (d) acetone, (ehaml, ()
formic acid, (g) MVK, (h) IEPOX, (i) HMHP.
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Table 6. Global source and deposition fluxes of OVOCs in TgC/yr and /yjghexcluding the contribution of methane oxidation. The C

deposition fraction is the ratio of the combined dry+wetakgfon flux to the global sink (both expressed as carbon fuxehe loss through

aerosol uptake is also given. Notésincluding non-explicitly represented productsglobal non-methane VOC emission flux.

Compound Source Dry depos. Wetdepos. Aerosolloss C deposy ddpos. Wetdepos. Aerosol loss
TgCy ' TgCy! TgCy* TgCy ! fraction  TgNy! TgNy! TgNy~!

CH30H 66.1 35.7 1.2 0.56

C.H;OH 12.7 55 0.1 0.44

ISOPBOH

+ISOPDOH 10.4 2.2 0.9 0.30

HCOOH 8.4 2.6 3.9 0.77

CH3COOH 314 7.0 9.5 0.53

CH300H 22.3 1.3 0.8 0.09

HMHP 3.4 1.2 0.6 0.53

ISOPOOH 114.4 10.7 5.5 0.14

Peracids 30.6 4.1 2.2 0.20

HPALDs 12.7 0.7 0.3 0.08

Hydroperoxycarbonyls 90.4 4.0 2.1 0.07

Other hydroperoxides 63.3 1.6 15 0.05

IEPOX 721 7.6 5.8 26.7 0.19

CH->0O 242.2 8.4 5.3 0.06

CH3CHO 93.8 16.1 0.03 0.17

CH3COCH3 106.2 61.8 0.6 0.59

MVK + MACR 124.3 20.6 0.03 0.17

HYAC 37.9 5.4 2.7 0.21

GLYALD 34.3 3.1 2.6 0.16

DHBO 18.5 14 2.3 0.20

GLY 18.8 0.9 0.5 3.7 0.08

MGLY 60.1 1.7 1.4 0.05

BIACETOH 16.2 0.6 1.2 0.11

PAN-like compounds 212.3 4.2 0.3 0.02 2.39 0.17

ISOPN 18.4 1.2 0.1 8.1 0.07 0.27 0.03 1.90

MVKNO3

+ MACNO3 3.6 0.3 0.3 0.05 0.19 0.10 0.10 0.02

NISOPOOH 3.3 0.3 0.05 0.11 0.07 0.01

NC4CHO 4.8 0.5 0.06 0.11 0.11 0.01

NOA 3.3 0.5 0.05 0.18 0.21 0.02
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Compound Source Dry depos. Wetdepos. Aerosolloss C deposy ddpos. Wetdepos.  Aerosol loss
TgCy ' TgCy! TgCy ! TgCy ! fraction ~ TgNy ! TgNy! TgNy~!

Monoterpenes 45.3 ~16 ~4 ~20 ~0.38 0.17 0.01 0.86

Other organic nitrates 8.9 1.0 0.2 0.13 0.34 0.07

Other OVOCs 82.0 5.1 2.0 13.1 0.09

ALL OVOCs 855 235 58 0.32 3.60 0.42 2.79

The calculated global dry and wet fluxes of OVOCs are sumredriz Table 6. The relative importance of deposition is higldriable
among the different species. The deposition fraction,the.fraction of the total sink which is due to deposition, ighest for soluble,
slowly-reacting compounds like methanol (56%), ethand®, formic acid (77%), acetic acid (53%) and acetone (5%%) the carboxylic
acids, those fractions are similar to previous model eséga.g. 56-68% foCH3sCOOH (Paulot, 2011; Lin et al., 2014), and 73-82%

for HCOOH (Paulot, 2011; Stavrakou et al., 2012; Millet et al., 2013ywever, whereas we find wet deposition to dominate over dry

deposition for those compounds (Table 6), dry depositios feand to be dominant by Paulot (2011) for both acids. Ourd#position
parameterization leads to longer global lifetimes wittpezs to dry deposition~11-15 days) compared to e.g. Paulot (2016.6 days
for both acids) and Khan et al. (2017) (6.4 day f©oH3;COOH). Those longer lifetimes might help reducing the large regzb model
underestimation of carboxylic acid abundance measurenBatlot, 2011; Millet et al., 2015; Khan et al., 2017).

For most other OVOCs, dry deposition is dominant over wevesieging. Regarding methanol, the high calculated depositiaction
appears consistent with study of Wells et al. (2014) usin@SE hem predicting a global deposition fraction of 61%yaslightly higher
than our estimate. However, dry deposition over land isiggmtly stronger in our study (23% of the total sink, vs.3%4.in Wells et al.),
whereas our estimated contributions of wet deposition (af) oceanic dry deposition (27%) are comparatively weakan in GEOS-
Chem (3 and 41%, respectively). The differences for oce@nyiceposition are difficult to interpret but could resutirfr differences in the
calculated methanol concentration field and/or in the patarization of the gas-phase air-sea transfer velocitigiwiollows Johnson (2010)
in the study of Wells et al.; as seen on Fig. 1, significanedéfces irk, are noted at Northern mid-latitudes, where methanol caratgons
are highest. Over land, the parameterization of metharmmsigon velocity in Wells et al. follows the general recoemdation of Karl et al.
(2010) for OVOCs, i.efo = f1 = 1, resulting in weaker deposition than in our study 20% over tropical forests and hy60% over
mid-latitude areas).

Regarding ethanol, our estimated contribution of dry dejowsto the global sink (43%) is about twice larger than ia thodelling studies
of Millet et al. (2010) &23%) and Naik et al. (2010) (25%). For acetone as well, dnpditjon to land is found to be a stronger sink (20%
of the total) than in previous studies, e.g. only 8% of théglsink in the study of Fischer et al. (2012) which assumeepmsition velocity
over land (0.1 cm's') much lower than our model estimates (Fig. 7). The latteragksowledged to be very uncertain given the scarcity
of field measurements (Table 5). The global acetone depodltix over land is 21 TgC yr*, more than a factor of three higher than in the
study of Safieddine et al. (2017).

The deposition fraction is unsurprisingly lower for moractve compounds, but it remains significant, e.g. betwdesmtl 21% for major
isoprene oxidation products such as MVK and MACR, ISOPO@ROX, HYAC, GLYALD, DHBO andCH3;COOOQOH. For acetaldehyde
as well, dry deposition is found to account fofl 7% of its global sink, i.e. about an order of magnitude mbaatin the study of Millet et al.
(2010). Due to its high solubility and high deposition véli@s over vegetation (Fig. 7), deposition represents rniwgia half of the global
sink of HMHP, thereby significantly affecting the estimafednic acid production through HMHP due to alkene ozondy8iller et al.,
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2018). For very reactive and photolabile OVOCs such as Ipgtaxycarbonyls and conjugated carbonyls, the depoditémtion is low but
non-negligible (5-10%).

Given the crudeness of the monoterpene oxidation mechaaisigorous determination of the associated depositiatifnais currently
out of reach. The non-explicit products are assumed here todh through deposition and SOA formation in similar amteuwhereas the
formation of gas-phase products non-represented in thbamem (mostlyCO2) accounts for the remainder.

Overall, the dry and wet deposition of gas-phase NMVOC diddigproducts is found to account for 34% of the global NMVQ®@igsion
flux on a carbon basis (Table 5 and Fig. 8); dry depositioneabmtounts for most (80%) of that deposition flux, or about 27%MVOC
emissions. Our calculated contribution of dry deposit®higher than in the study of Safieddine et al. (2017) using &EBbem ¢20% of
NMVOC emissions), but it is consistent with the lower limgtienate ¢~20%) of Karl et al. (2010) based on MOZART model calculations
(with fo = f1 =1 in Wesely’s formulation); their estimated sink through O¥@vet deposition is however 2-3 times larger than in our
calculation, which results in a larger overall impact of dgifion in their model. An assessment of the wet deposititreie for OVOCs is
warranted, but is out of scope of the present study.

Different processes might increase or decrease the estinfictction of NMVOC emissions lost to dry deposition. On draad, the
still unsufficiently documented re-emission of chemicanpounds by vegetation following the uptake and chemicalexsion of other
compounds might play an important role; examples inclugectinversion of ISOPOOH to MVK or MACR (Misztal et al., 2018)e degra-
dation of MVK/MACR into e.g. MEK or isobutyraldehyde (Caplieet al., 2017; Muramoto et al., 2015), and the suggestggtatiation of
HMHP into formic acid (Nguyen et al., 2015), for which evigens however still lacking. In all those cases, dry depositoes not lead to
a permanent carbon loss from the atmosphere, only to a tranafion.

On the other hand, simplifications in the oxidation mechanisight lead to an underestimation of total deposition flux¢though the
mechanism is generally carbon-conserving (takif@. formation into account even though it is not explicitly weit), the simplification
of complex mechanistic steps inevitably implies neglertitepositional losses of non-radical intermediates. Thosgmediates being
generally highly oxidized and very reactive, their degosisink should generally be small, of the orderaf0%.

Finally, additional OVOC loss is due to SOA formation and seduent deposition. Being crudely represented in the mdadsltoo
uncertain to report here, although the particulate dejposgink is expected to be of lesser importance than the dépo®f gas-phase
organics (Knote et al., 2015).

As seen on Fig. 8(b), the deposition of OVOCs (nitrates and$)Aepresents a significant sink of NOx, amounting to 15-80940x
emissions over tropical rainforests, whereas this fractimst often does not exceed 10% during summer over Westeop&uEastern
China and the Northeastern U.S. Over boreal forests, thehdison shown on Fig. 8(b) becomes unreliable due to tingédo lifetimes of
nitrates and especially pernitrates resulting in impdrtiemsport effects; the average deposition fraction foe8a (35-65 E, 54-66 N) in
summer is 17%, and is primarily due to the dry deposition dNRike compounds (10% of NOx emissions).

Over the Southeastern U.S. (defined as 80-9%V529.5-40 N) during August-September 2013, the net loss of NOx to dogaitrates
through either deposition or aerosol hydrolysis is estadab be 22% of the regional NOx emissions using the MAGRIT&ganal
simulation over the U.S. This result agrees very well withdelacalculations by Fisher et al. (2016), in spite of impott@ifferences in the
treatment of organic nitrates, in particular regardingehegeneous losses (Muller et al., 2018). This NOx sink isarily due to aerosol
uptake (for two thirds), the remainder being due to depmsifi he deposition of PAN-like compounds is an additionabkiNstk amounting
to ~5% of the emission over this region, somewhat higher tharptheious estimate for the Eastern U.S. (3.3%) by Mao et 8132
Interestingly, the model resolution has a small influencéherresults: for example, the total NOx sink due to OVOC d#jprsamounts to
12.0% and 12.5% of NOx emissions in the regional simulat®® (resolution) and in the global model run®(22.5°), respectively.
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(a) C sink through OVOC deposition (b) N sink through OVOC deposition
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Figure8. (a) Percentage ratio of carbon flux through OVOC depositidhé total annual NMVOC emission. (b) Percentage ratiotobgen
flux through OVOC deposition sink to the total annual NOXx esiais.

At the global scale, we estimate that the deposition of degaitrates and PANs removes 1.5 and 2.6 Tg(NOx-N)'yfrom the at-
mosphere, respectively, whereas RONO, aerosol sink converts 2.8 Tg(NOx-N) yr into HNO3 (Table 6). Therefore, out of the 50
Tg(NOx-N) yr—*! emitted globally, it is estimated that about 8% and 5% aretlssugh OVOC deposition and hydrolysis, while the remain-
der is lost throughiNO- + OH and the hydrolysis oN2O5 on aqueous aerosols. The relevance of PAN deposition touhgelh of NOx is
frequently overlooked, because it represents only a tiagtion (1.9%) of the global sink of PAN. Note that this fractiwas slightly lower
(1.2%) in the model study of Fischer et al. (2014) which addgt = f1 = 1; PAN deposition was neglected entirely in Khan et al. (2017)
Due to the very large PAN production, however, PAN deposit®estimated here to be a NOx sink of importance comparaldRONO-

deposition.

5 Conclusions

We present a Wesely-type scheme for the calculation of dppsidon velocities of gaseous compounds in large-scat@spheric models,
with a particular emphasis on OVOCs. The scheme has four coanponents:
» aerodynamic resistance calculation (Eq. 4-12) based onikasty-theory-based representation,
« quasi-laminar boundary layer resistance (Eq. 17) calicuia
« oceanic surface resistance calculation (Eq. 23-27) adowyfor reactive uptake (Wesely, 1989) and solubilitydhtingale et al., 2000),
« canopy resistance calculation (Eg. 19) adapted from We&$6B9) and Zhang et al. (2002),

Several essential subcomponents include

« species-dependent gaseous diffusivity calculation {Byfrom molecular structure (Fuller et al., 1969),
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» Henry’s law constant calculation from molecular struetwsing a newly-proposed estimation method (Sect. 2),
 stomatal resistance calculation (Eq. 28-31) adapted WiidiHYCAN (Mdiller et al., 2008),

* cuticle and ground resistance calculation (Eq. 32-44).

The deposition scheme is evaluated against a large numbdepafsition velocity field measurements for OVOCs and forrtiwalel
compound®3 andSO; involved in the parameterization of the canopy resistafme®VOCs (Eq. 42-44). The evaluation accounts for the
local LAI, vegetation type and sampling height, with ECMW#faHnterim analyses providing the necessary meteorab@iput data.

RegardingD3; andSO2, the comparisons show essentially no bias, on averageaébrmajor PFT (broadleaf decidous forest, coniferous
forest, tropical forest, grass, crops). Furthermore, thdehsucceeds generally fairly well in reproducing the obse diurnal and seasonal
cycles. This agreement is made possible by a significansadgnt of the parameters of the Jarvis-type module usedofopating the
stomatal resistances (Eqg. 29-31 and Table 3.2) in the camogyonment model MOHYCAN. Without this adjustment, thedabwould
substantially underestimate the deposition velocitiesr d@mperate and tropical broadleaf forests. Nevertheflessnodel does not repro-
duce the observed strong seasonal variation(?éfat a rainforest site in Brazil, due to a substantial cold (&5 K) in the ERA-Interim
temperatures leading to an underestimated effect of dtostgéss on stomatal resistances. A more extensive evatuatiERA-Interim
daytime temperatures is crucially needed to determinehenatuch biases are typical or not over tropical forests émer @cosystems.

Regarding OVOCs, the model shows, on average, very litds fbr every compound for which data is available (Table Be Targe
scatter found in the model/data differences is to be expgegieen the oversimplified representation of depositiothexmodel, the errors in
meteorological input data, the representativity issué wieasurement footprints often covering more than one &apdstype, and the large
uncertainties in observation-based deposition veloatinates, in large part due to the presence of other praeésfhigencing the fluxes,
such as biogenic emissions and within-canopy chemicalyatazh or loss reactions.

The good model agreement with averaged observed OVOC digpogelocities is realized thanks to the adjustment of treeleh pa-
rameterf; relating the OVOC cuticular, mesophyll and ground resistanto the corresponding resistancesSor.. A model simulation
adoptingfo = f1 = 1 as recommended by Karl et al. (2010) greatly underestintiedeposition for most OVOCs, by up to a factor of 4
for some species (see e.g. Fig. 6). As previously noted by#lyet al. (2015), the fastest-depositing compounds arergiy very soluble
in water, suggesting that the Henry’s law constant (HLC)usthdve given a more prominent role than in the original resise model of
Wesely (1989) and Zhang et al. (2002); this can be achiewgdwg.increasingf; or by modifying the resistance expressions to a similar
effect (Nguyen et al., 2015). However, it is found impossitd match the observations for all OVOCs with a unique sekpfessions for
all species. Many species (e.g. PAN, acetone, acetaldeMdE+MACR) are seen to deposit faster than expected basetthein HLC,
requiring higherf; values than for other, more soluble compounds. Cautionadext given the difficulties of observation-based depasitio
velocity estimates and the large diversity of observed tiehes between different sites. Still, the choice made heradjustf, based on
measurements ensures the consistency of the model withteddceld data, even though the mechanisms behind the diepogiocesses
are poorly understood. Other choices faf and f; parameter values could have realized a similar level ofeagest with the data; or,
the resistance parameterization based on model spdgieandSO-) could be revised and replaced by a more mechanistic déscrip
including separate representations for the different sitipo pathways. Unfortunately, the deposition processtiispoorly understood at
the biochemical level, deposition measurements are taoeséar most OVOCSs, and they are often poorly characteriRefinements of the
current approach such as proposed in this work might be ldestsirough a more thorough (although tedious and timegoingg) analysis
of existing data, taking advantage of the relevant angilttata including e.g. meteorological variables, fricti@iocity, roughness length,
stomatal conductance, etc. These data are often measuradttalways reported, and are generally not readily aviglabdigital form.

Looking ahead, it would be beneficial to the community to haseess to the full measurement datasets after publicatiteldstudies.
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Implementation of the dry deposition scheme in the MAGRITEHEmistry-transport model provides an updated estimatidhe con-
tribution of dry (and also wet) deposition to the budget of@8. Compared with previous studies, dry deposition agpeabe a less
efficient sink of the carboxylic acids, with longer globasigence timesx}11 days). For the other OVOCs, however, the calculated sifare
dry deposition to their global sink is generally larger thmaviously estimated, especially over land, with possifrlgortant consequences
for top-down estimations of OVOC emissions based on atmergpbbservations. In particular, dry deposition accodimtsnore than 50%
of the global sink of methanol, acetone, hydroxymethyllopérroxide, formic and acetic acid.

Overall, the dry deposition of OVOCs is calculated to remiboen the atmosphere the equivalent of 27% of the global NM\&dssions
(on a carbon basis), excluding the contribution of SOA fdfoma Furthermore, deposition of organic nitrates and jextes is a significant
sink of nitrogen oxides, estimated here at 8% of the globak N@Qurce.

Uncertainties remain high, due to mechanistic simplifaadi especially regarding monoterpene oxidation, andeacstifi incomplete
understanding and crude representation of the dry depogitocesses, including for example the conversion of deggb®VOCs to other
species released into the atmosphere. Finally, the déposiélocities and Henry’s law constants of highly oxygecapolyfunctional
compounds remain poorly constrained by observations, edsethere is some evidence (Sect. 3.5.8-3.5.9) of large We€stimations by

group contribution methods, likely due to H-bonding effect

Code and data availability. The fortran code of the deposition scheme is available pt/htbpo.aeronomie.be/index.php/models/magritte
(doi:10.18758/71021042, last access: 15 December 20b8) cdmpilation of dry deposition velocity measurements @lenavailable in
ascii format at the same webpage. Other relevant subreutihthe MAGRITTE model can be made available upon reques.M®DIS
leaf area index products are available from http://reestin.nasa.gov/ (last access: 14 December 2018). The MAERIiTodel output is
available upon request.
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