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Abstract. A parameterization scheme for calculating 1 Introduction

gaseous dry deposition velocities in air-quality models is re-

vised based on recent study results on non-stomatal uptake @ry deposition is an important process that must be ad-
Oz and SQ over 5 different vegetation types. Non-stomatal dressed in regional air-quality models. Wesely (1989) de-
resistance, which includes in-canopy aerodynamic, soil andeloped a parameterization scheme for estimating gaseous
cuticle resistances, for $SCand G is parameterized as a dry deposition velocities, which has been widely used in
function of friction velocity, relative humidity, leaf area in- a number of models (RADM, Chang et al., 1987; STEM,
dex, and canopy wetness. Non-stomatal resistance for otheTarmichael et al., 1991; URM, Harley et al., 1993; CMAQ,
chemical species is scaled to those 0%@d G based on  Byun and Ching, 1999). Similar dry deposition models have
their chemical and physical characteristics. Stomatal resisheen developed for air-quality models around the world (e.g.
tance is calculated using a two-big-leaf stomatal resistanc®adro et al., 1991; Scire, 1991; Ganzeveld and Leieveld,
sub-model for all gaseous species of interest. The improve1995; Pleim and Xiu, 1995; Zhang et al., 2002a; Wu et
ments in the present model compared to its earlier versioral., 2003). Some single layer (usually called big-leaf) and
include a newly developed non-stomatal resistance formulamulti-layer dry deposition models have also been developed
tion, a realistic treatment of cuticle and ground resistance infor estimating acid rain and dry deposition inputs to ecosys-
winter, and the handling of seasonally-dependent input patems (e.g. Erisman et al., 1994b; Duyzer and Fowler, 1994;
rameters. Model evaluation shows that the revised paramMeyers et al., 1998; Brook et al., 1999a; Smith et al., 2000).
eterization can provide more realistic deposition velocitiesThere are many other models involving dry deposition cal-
for both G; and SQ, especially for wet canopies. Example culations for specific applications (e.g. Gao et al., 1993;
model output shows that the parameterization provides reakramm et al., 1995; Singles et al., 1998; Mcdonald-Buller
sonable estimates of dry deposition velocities for differentet al., 1999; Tetzlaff et al., 2002;) A review of available
gaseous species, land types and diurnal and seasonal vadry deposition models was recently reported by Wesely and
ations. Maximum deposition velocities from model output Hicks (2000).

are close to reported measurement values for different land \ost existing dry deposition models utilize the multiple

types. The current parameterization can be easily adoptegbsistance analogy approach when parameterizing the depo-
into different air-quality models that require inclusion of dry sijtion velocity to vegetation and other surfaces. In this ap-
deposition processes. proach, the canopy resistance is usually separated into stom-
atal and non-stomatal portions. While the overall deposition
flux is the major concern of most air-quality models, it can be
important to separate the stomatal uptake of pollutants from
the overall deposition for some applications (e.gs ddse

to agricultural crops, Emberson et al., 2000; Massman et al.,
2000). Separating stomatal and non-stomatal uptake leads
to more accurate representation of diurnal variations of dry
deposition, which is also crucial for air-quality models. Sep-
Correspondence td:. Zhang aration of these processes is necessary because stomatal up-
(leiming.zhang@ec.gc.ca) take only occurs during the daytime for most canopy types,
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2068 L. Zhang et al.: A revised parameterization for gaseous dry deposition

during which time it dominates over non-stomatal uptake forferent non-stomatal resistance values used for 8@r dew
many chemical species. and rain wetted canopies are only based on results from mea-
There are many different approaches for stomatal resissurements at one site (Zhang et al.; 2003). This is because
tance calculations ranging from simple parameterizations asufficient SQ flux data to estimate the required parameters
functions of solar radiation and/or time of day (Wesely, 1989; are very limited. This weakness clearly points to the need for
Padro et al., 1991), one- or two-big-leaf approaches (Jarvismore SQ flux data over a wide variety of conditions. Sim-
1976; Hicks et al., 1987; Zhang et al., 2002a), to a multi-ilar data for the other 29 gaseous compounds treated in this
layer leaf-resistance model (Baldocchi et al., 1987). For nonpresent model are scarce if not non-existent. It has therefore
stomatal resistance, a constant is typically chosen for a patbeen necessary to resort to the approach proposed by Wes-
ticular season and land type (e.g. Wesely, 1989; Zhang eley et al. (1989), which is based upon solubility and reactiv-
al., 2002a), thereby ignoring many processes that can effedty, to include these compounds. This will continue to be a
this deposition pathway. Recent measurements have demomveakness of unknown uncertainty in air quality models until
strated that non-stomatal uptake is affected by meteorologsignificant advances are made in measuring fluxes for many
ical conditions, such as friction velocity:{), relative hu-  different compounds.
midity (RH) and canopy wetness, as well as biological fac- Earlier studies show that aqueous-phase chemistry plays
tors, such as canopy type, leaf area index (LAI) and grow-an important role for both and SQ deposition (Fowler et
ing period. For example, measurements over several differal., 1979; Chamberlain, 1987; Wesely et al., 1990). Though
ent canopies (forests, maize) in France (Lamaud et al., 2002aqueous-phase processes are considered in most air-quality
Laville et al., 2002; Lopez et al., 2002) showed that the non-models (in cloud and rain processes) this process cannot be
stomatal uptake of ©(i.e. the nighttime deposition) is con- treated explicitly in simple big-leaf dry deposition models
trolled by the friction velocity. However, to date only a few due to the unavailability of pollutant concentrations, pH val-
models have included meteorological information in their ues and other related information at the leaf surface. Thus,
non-stomatal formulations, e.g.. in the in-canopy aerody- uncertainties exist in simple parameterizations like the one
namic resistance and RH in the cuticle resistance (Erismaipresented here, due to variations in the agueous-phase pro-
et al., 1994a, b). Recently, Zhang et al. (2002b, 2003) anaeesses caused by variations in wetness formation mecha-
lyzed O3 and SQ deposition flux data (Zhang et al., 2002b, nisms, geographical locations and many other factors. Other
2003) from measurements taken over five different canopiesmportant processes missed in the current model include the
(mixed forest, deciduous forest, corn, soybean and pasture)o-deposition of S@and NH; (Erisman et al., 1993, 1994b;
in the eastern USA (Meyers et al., 1998; Finkelstein et al.,Cape et al., 1998), bi-directional gas exchange or the com-
2000) and proposed a new set of parameterizations for thpensation point (Sorteberg and Hov, 1996; Sutton et al.,
non-stomatal resistance including in-canopy, soil and cuticle1998; Flechard et al., 1999; Husted et al., 2000; Spindler
resistances. These led to better agreement between modet al; 2001) and the dependence of;SAdd NH; soil resis-
results and measurements, thereby demonstrating the valuance on soil pH (Erisman et al., 1994b). Co-deposition of
of more detailed treatment of the processes influencing nonSGO, and NH; is important under wet and humid conditions
stomatal uptake. and bi-directional exchange is important for emitted species.
The purpose of this study is to develop an improved dry These processes are not included in the present model due to
deposition parameterization scheme for air quality models bya lack of information over broad land types. Other uncertain-
including the newly developed non-stomatal resistance paties (as discussed in Zhang et al., 2003) include those related
rameterizations (i.e., Zhang et al.; 2002b, 2003). We buildto the calculation of the aerodynamic and quasi-laminar re-
upon the model (a big-leaf model) presented in Zhang etsistance, which are not exact representations of the actual
al. (2002a), which was developed for calculating dry deposi-processes.
tion velocities for 31 gaseous species for AURAMS (Moran  Obviously, errors in the flux measurements from which
et al., 1998), but which only included seasonally-adjustedthe model has been developed and tested also contribute to
values for non-stomatal resistance. Other improvements teubsequent model uncertainty. Such errors are likely greater
this previous model include more realistic treatment of cu-under certain conditions (e.g. nighttime stable situations)
ticle and ground resistance in winter and the handling ofand vary by location and chemical compound. Furthermore,
seasonally-dependent input parameters. complete understanding of air-surface exchange processes,
The new model presented in this paper represents the firsgspecially at the micro-scale, is lacking and thus model for-
attempt of which we are aware to include more realistic mulations and parameterizations are currently relatively sim-
non-stomatal uptake parameterizations for a wide range oplistic representations of some, if not most, of these pro-
gaseous compounds. While we show in this paper that thizesses.
new model improves dry deposition estimates for &d Despite many uncertainties discussed above, a well-
SO, and is thus expected to lead to more reliable air qualitydeveloped big-leaf model can lead to flux estimates that are
models, the new model still has many limitations and uncer-as good as some more sophisticated models (Meyers et al.,
tainties requiring further investigation. For example, the dif- 1998; Wu et al., 2003), given our present relatively limited
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knowledge about all the processes controlling dry deposi- Pollutant Concentration
tion. The simpler models also have the advantage of requir-
ing fewer assumptions regarding input parameters, which po- R To leaf surfaces

tentially avoids additional uncertainties.

The land use categories (LUC) used in Zhang et al. (2002a)
are based, with some modifications, on BATS (Biosphere At- R, Ry eat’,
mosphere Transfer Scheme, Dickinson, 1986). This scheme “
was generated from 205 global land types with high resolu-
tion (1 kmx1km) satellite data. Cross-references between
the original 205 land types of BATS and other schemes (e.g.
SiB, Dorman and Sellers, 1989; SiB2, Sellers et al., 1996)
are also available. Substantial information on LUC specified
parameters (e.g. LA, roughness lengi}), are available so
this scheme has been widely-used around the world. The
LUC of the present work is adopted from the LUC in GEM
(Cote et al., 1997), Canada’s weather forecast model, and is
also based on BATS, plus an extra 6 LUCs.

The next section describes in detail the model formulae.
Suggested values for two important input parameters (LA
andzp) are given in Sect. 3. Comparison of model results
with single site measurements o§ @nd SQ dry deposition
velocity and example model output are given in Sect. 4. Th
nomenclature of all parameters used in this paper and defini-

tions of 31 gaseous species are listed in an Appendix. strong stable conditions (Massman et al., 1994; Zhang et al.,
2003). In the present study, onR;. is discussedR, is pa-
rameterized as (Zhang et al., 2002b):

1 1-Wy 1

Soil

eFig. 1. Scheme of resistance analogy.

2 Model description

The scheme for the revised model is shown in Fig. 1. TheR, ~ R,, + R,, = R,, 2)
primary resistances to pollutant uptake are the aerodynamic1 1 1
resistance R,), the quasi-laminar sublayer resistanég ) - - (3)

above the canopy, and the overall canopy resistaRge R~ Rns Rac + Ry Rews
can be separated into two parallel paths; one is stomatal r%hereWt
s

sistance g;,) with its associated mesophyli resistan@l,  qngitions. Ry, is calculated using a sunlit/shade (so-called

and the other is nonfstomat.al resstanRg‘?][. Rys can k?e . two-big-leaf) stomatal resistance sub-model (Zhang et al.,
further decomposed into resistance to soil uptake, which |n—2002a) R, is treated as dependent only on the chemical
. m

cludes in-canopy aerodynamic resistankg.f and the sub- g0 vies and we used the values for some common species
sequent soil resistanc®), as well as resistance to cuticle considered in air-quality models as specified in Zhang et

uptake Rc,,). Note thatR,, here is slightly different from 5, " 50023). Note that Egs. (2) and (3) are for surfaces with
that defined in traditional big-leaf models in that it also con- canopies. For surfaces without canopies (e.g. water, ice

siders the aerodynamic and quasi-laminar resistances of irHesert) Ryt, Rm, Rae and Ruy; are not applicable. For the
1ANSTy ms ac cu :

?'V'dlﬂal Iefe]lcv_es.. Th||s IS doqe.:)y parﬁmeterlzmg,f as a | convenience of using the same equations for all LUCs, we
unction of friction velocity, similar to the concept of overall “efine g, as the resistance to any surfaces, e.g. soil, ice,

cuticle uptake considered in a multi-layer model framework g\ o\ = 4 \vater (more discussion below). Thus, for surfaces

(e.g. Baldocchi, 1988). _ o _ without canopies, a value of 0 is givenRy. and a very large
Based on the above discussion, the dry deposition velocity,, 5| e (.e. 185sm 1) is used forRy;, R and Reus. Ruac iS
.C. ) Cut -

Va, is defined as: not chemical species-dependent whilg and R, are. R,

is the fraction of stomatal blocking under wet

1 and R,,; are calculated for SPand G and then scaled for
Va = R +R + R (1) other gaseous species based on the formula (similar to We-
a b+ RC .
sely, 1989):

where expressions fat, and R, can be found in many ear- 1 (i) 8(i)
lier dry deposition studies (e.g. Erisman et al., 1994b; Mass-—— = + 4)

man et al., 1994; Padro et al., 1991; Padro, 1996; Wesely efx()  R«(SQ)  R:(Og)

al., 2001). The uncertainties iR, and R, from the differ- where R, represents non-stomatal resistance components
ent models are small, although large errors can exist undefi.e., R.,; and R,) andi represents the particular gaseous
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Table 1. Land use categories and all related parameters (all resistance have a unitlofrmnot applicable; f(u) means a function of wind
speed).

LuC Ric0 Rewdd  Rewrw0  Reurdd Rgd T'stmin brs Tuin - Tmax  Topt bvpd Vet Ve2 0 Sdmax
O 03 SO SO (Y Wmd (C) (C) (C) (Pah) (Mpa) (Mpa) (m)  (em)
1 water 0 na na na 20 na na na  na na na na na f(u) na
2 ice 0 na na na Eq.(8a) na na na  na na na na na 0.01 1
3 inland lake 0 na na na 20 na na na  na na na na na flu) na
4 evergreen needleleaf trees 100 4000 200 2000 200 250 M4-5 40 15 031 -2 -25 0.9 200
5  evergreen broadleaf trees 250 6000 400 2500 100 150 40 0 4 30 021 -50 2.0 400
6  deciduous needleleaftrees  60-100 4000 200 2000 200 250 4-5 40 15 031 -2 -25 04-09 200
7 deciduous broadleaftrees  100-250 6000 400 2500 200 150 43 0 4 27 03619 -25 04-10 200
8 tropical broadleaf trees 300 6000 400 2500 100 150 40 0 45 30 027-1 -50 25 400
9 drought deciduous trees 100 8000 400 6000 300 250 44 0 45 25 031 -40 0.6 200
10  evergreen broadleaf shrubs 60 6000 400 2000 200 150 40 0 45 30 02F2 40 0.2 50
11 deciduous shrubs 20-60 5000 300 2000 200 150 4 -5 40 15 027 -2 -40 00502 50
12 thorn shrubs 40 5000 300 2000 200 250 44 0 4 25 027-2 -35 0.2 50
13 short grass and forbs 20 4000 200 1000 200 150 50 5 40 30 0-15 -25 0.04 5
14 long grass 10-40 4000 200 1000 200 100 20 5 45 25 0-15 -25 00201 20
15 crops 10-40 4000 200 1500 200 120 40 5 4 2 0 -15 -25 002-01 10
16 rice 10-40 4000 200 1500 50 120 40 5 4 27 0 -15 -25 00201 10
17 sugar 10-40 4000 200 2000 200 120 50 5 45 25 0 -15 -25 00201 10
18 maize 10-50 5000 300 2000 200 250 65 5 45 25 0 -15 -25 002-01 10
19 cotton 10-40 5000 300 2000 200 125 65 10 4 30 0 -15 -25 00202 10
20 irrigated crops 20 4000 200 2000 50 150 40 5 45 25 0 -15 -25 0.05 10
21 urban 40 6000 400 4000 300 200 42 0 4 22 031-15 -3 1.0 50
22 tundra 0 8000 400 2000 300 150 25 -5 40 20 024 0 -15 0.03 2
23 swamp 20 5000 300 1500 50 150 40 0 45 20 027-15 -25 0.1 10
24 Desert 0 na na na 700 na na na na na na na na 0.04 2
25  mixed wood forests 100 4000 200 2500 200 150 4 -3 42 21 034 -2 -25 0609 200
26 Transitional forest 100 4000 200 2500 200 150 43 0 4 25 031-2 -3 0609 200

species. Parametessand 8 are two scaling factors based rain or dew occurs, the canopy is treated as wet. The oc-
on the chemical species’ solubility and half-redox reactivity currence of dew is defined based on particular meteorolog-
(Wesely, 1989). Scaling parameters for a total of 31 speciescal conditions, e.g. RHy, and cloud cover (Janssen and
are presented in Table 1 of Zhang et al. (2002a). The detailRomer, 1991) as adopted in Brook et al. (1999a). Note that
of each of the terms in Egs. (2)—(4) are discussed below. Wesely (1989) increased the stomatal resistance by a factor
W,;: Zhang et al. (2002b), usingz(lux data from five  of 3 (equivalent of aW;; of 0.67) for wet surfaces. Zhang
sites in eastern North America, found thidg; is not im- et al. (2002a) used several constants for different wet con-
portant under most wet conditions because of weak solar raditions (0.7 for dew and 0.9 for rain). Our data show that
diation (SR), which leads to largR,,. However, there are these values are probably too large for most wet conditions
some exceptions to this such as morning dew and sunshinand thus the new formula is suggested with an upper limit of
immediately after rain when solar radiation is strong. In such0.5 for Wy,.
cases, we calculate a sm&lj; (see Eq. 6), however, stom- R,;: The following sunlit/shade stomatal resistance sub-
ata can be partially blocked by water films and Wig term model (Zhang et al., 2002a) is used for calculatigfor all
will then increase the stomatal resistance. Thus, the follow-gaseous species:
ing formula is suggested for wet canopies (for dry canoples,Rst — 1/[G,(PAR) f(T) (D) f (¥)D; / D] ©6)

W, always equals 0):
whereG, (P AR) is the unstressed leaf stomatal conductance,

0, SR < 200 Wnt?2 a function of photosynthetically active radiation (PAR). Cal-
Wy = { (SR —200/800, 200< SR < 600WnT2 (5) culation of G;(PAR) is described in Zhang et al. (2002a)
0.5, SR > 600 WnT2 and is not repeated here. The dimensionless functi@sy,

f(D) and f () represent the conductance-reducing effects
Wy, is given a value other than 0 only when solar radiation of air temperaturel’, water-vapour-pressure defidit, and
is relatively strong £200 W nm2) and the canopy is wet. If water stress (leaf water potential), respectively, on leaf
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stomatal conductance (Brook et al., 1999a). The formulasvherer, g is the reference value for in-canopy aerodynamic

for these functions are: resistance.R,.o is expected to vary with different canopy
T —Tpin Toax —T 1% types and suggested values are giveq in '_I'able 1forall LUCs.
f(T) = carel k— (6a)  For some LUCs, arange &, .o values is given to reflect the
_ opt = “min L Zmax — “opt change of canopy structure at different times of the grow-
with ing season. The minimum valueR,.o(min), correspond
b — Tinax — Topt (6b) to leafless periods for deciduous forests and earlier grow-
e Topt — Tiin ing periods for agricultural lands. The maximum values,
Ruc rr n he full-leaf period for for n
F(D) = 1— bypaD (6¢) «c0(max), correspond to the full-leaf period for forests and

the maturity period for agricultural lands. Here, a simple for-
with mula is suggested for extractimg,.o values for any day of
the year based on minimum and maximiém/ values since

— * J—
D=e(T)—e (6d) this information is available in most air-quality models:
d
an _ LAI(t) — LAI(min)
FW) = —¥e2)/(Yer — Ye2) (6e)  Racolt) = Racolmin) + o omim)
with [Raco(max) — Ryco(min)] (73.)
¥ = —0.72— 0.0013SR (6)  whereR,.o(r) corresponds to th&,.o value at any day of

Tonin and Tax are minimum and maximum temperatures the year. LAl (min) and LAl (max) represents minimum
(°C) that indicate the temperatures below and above whictnd maximumL A/ values, respectively, during the year.
complete stomatal closure occurg,y, is an optimum tem- Wesely (1989) specified a constant in-canopy aero-
perature that indicates the temperature of maximum stomdynamic resistance for forest canopies and Erisman et
atal opening. b,q is a water-vapour-pressure-deficit con- al. (1994b) suggested a formula as a function of canopy
stant (kPal), D is the vapour pressure deficit (kPaj(7T) height and friction velocity. In the present study, canopy
is the saturation water vapour pressure (kPa) at air temheight is not included since its effect is ImpIICItIy included in
peratureT (OC)’ ande is the ambient water vapour pres- the friction VE|OCity and, more importantly, in the reference
sure (kPa). ¥.1 and¥.» (MPa) are parameters that spec- vValues ofR..0. As can be seen from Table R, is larger

ify leaf-water-potential dependency. When-v.1 (i.e. no  for tall canopies than for short canopies and this is consistent
leaf water potential stress).()=1.0. Values for all pa- With Erisman et al. (1994b).

rameters required for calculating, are taken from Brook R, Ground resistance is considered separately for dif-
et al. (1999a), Dorman and Sellers (1989), Dickinson etferent surface types (water, ice, snow, soil). The following
al. (1986), and NOAA (1992) library data, and are listed equation is used according to Erisman et al. (1994b):

in Table 1. These parameters ag;, (Minimum stomatal

i AP L R
resistance)b,, (empirical light response coefficient)j,;,, R'{"””
Tnaxs Topts bupa, ¥e1 andyep. Explicitly consideration of R, = ree ®)
the soil moisture content iff (v) as was done in Wesely et RS”‘;W
Sot

al. (2001) is preferable, however, LUC-specific parameters

for the soil moisture effect oRy; are very limited. There- whereRyurer, Rice, Rsnow and Ry,;; represent resistance to

fore an approach, which follows Sellers et al. (1996), is usedwater, ice, snow, and soil surfaces, respectivély,,,, and

as we have in the past (Brook et al., 1999a). R;.. are assumed to have the same values. QIR ser»
During nighttime when there is no solar radiation, the leaf Ry,,,, and R;.. are given a value of 2000sth. For SQ,

stomata are assumed to be completely cloggdestimated  R,,.;., is given a value of 20smt, while Ry, and Ric.

from Eq. (6) then has an infinite value. Recent research sugare taken as a function of temperature with a lower limit of

gests that the stomata of some canopy species may still b€00snt? and an upper limit of 500snt (Erisman et al.,

partially open even at night (Gunthardt-Goerg et al., 1997;1994b) as follows:

Musselman and Minnick, 2000; Wiser and Havranek, 1993,

1995). However, this behaviour is difficult to quantify given Rsnow Rice(SO2)=70(2—T) (8a)

present knowledge. In this study we treat the stomata as f“"anormation ONR.,; is limited for both G and SG. Some
So1 .

closeq at night. . . discussion on soil resistance for §0Ds and several NQ
Rqc: In-canopy aerodynz_amlc resistance should be thfespecies can be found in Erisman et al. (1994b}. uptake

;zra]me for ?" ggggsu.s spe((jn.es. The formula developed 'rﬂ)y soils is probably controlled by soil organic material (en-
ang etal. ( ) is used: hancing the removal) and soil moisture (inhibiting uptake by

RucoLATY# covering the reaction sites and reducing gas transfer). Based

02 (7) on previous studies and a review of published measurements

*

Roe =
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2072 L. Zhang et al.: A revised parameterization for gaseous dry deposition

(Erisman et al., 1994b; Brook et al., 1999b; Wesely andlimit of 2 for the terme®2—1-T) shown below) their origi-
Hicks, 2000), a value of 200sTh is given for G for all nal value according to the formula (similar to Wesely, 1989;
vegetated surfaces (LUC 4-19, 25 and 26) and 500%fior Erisman et al., 1994b):

non-vegetated surfaces or surfaces with wet ground (LUC

ovy—p ,02(-1-T
20-24). Ry, is more complicated for SQdue to its sensitiv- ~ Rga (T < =1°C)=Rgqe ( ) (10a)
ity to wetness, dependence on soil pH and co-deposition with 02(-1-7)

NHs (Erisman and Wyers, 1993; Erisman et al., 1994b). Soil Reura (T < —=1°C)=Rcuae™ (10b)

resistance to S&is usually smaller when the surface is wet,
and probably different for dew- and rain-wetted surfaces, dug0r snow on the ground and leaves, béth and R, are
to the different aqueous-phase chemistry involved with dew@djusted by including a snow cover fractiof} f,u):
and rain (Zhang et al., 2003). The following approach is sug-i _ 1= 2fumow  2fsnow

) . 10c

gested forRy,;; for SOp: R, R, R (10c)
Rea 1 1-f ¥

Rg = Rgrain (8b) _ snow + snow (10d)
Rgdew Rcut Rcut Rsnow

where Ry, represents the soil resistance over land surfaces>ince snow on ground persists longer than on leaves for high
where no dew or rain has occurre®l,.i, andRgq,,, are the ~ canopies, the snow fraction for the grouril ) is taken as 2
resistances to soil when rain or dew has occured. Values ofimes that of leavesR(,;). Note that bothfs,ow and 2fsnow

50 and 100 s m! are assigned t® g qin aNd Rggen, rESPEC- have_ a range of valu<_as betyveen 0.0-1.0. Thoggh the snow
tively. SuggestedR,, values for all LUCs are presented in fractlon might be.avallable in some me.teorologlcal models,
Table 1. For canopies with relatively high soil moisture con- it represents a grid-averaged value, which probably does not
tent (e.g. tropical forest)g,, is given a smaller value com- represent the snow cover of canopy leaves and underlying
pared to vegetation types with dry soils (e.g. desert). Notesurfaces. Considering the limited knowledge at present stage,
that soil pH and moisture content are not explicitly consid- We suggested a simple formula to estimgitg,,, from snow

ered in the present study. depth (sd in cm) similar to the approach used in climate mod-
R.,:: Canopy cuticle resistance is calculated for dry andéls:
wet conditions separately according to Zhang et al. (2002b): sd
snow — d (106)
Reurdo $max
Rewid = —5GaRE ] 47174 (9a) i -
e LATY %y, wheresd,,,, iS a parameter at or above which value the snow
fraction for canopy leaves is assumed to be 1. Suggested
wrw = Reurwo (9b) sdnay Values are also listed in Table 1 (Note that the actual
LAIY?y, sdmqx for underlying soil surfaces is only half of the values

. . S presented in Table 1 as can be seen from the comparison of
whereRH is relative humidity (in percentageR.,;qo and Egs. (10c) and (10d)).

R..:wo are reference values for dry and wet cuticle resis-

tance, respectively. Values &,;40 and R0 for Oz and

values ofR,;40 for SO, for each LUC are presented in Ta- 3 OQther parameters

ble 1. R.,wo for SO, is treated differently under dew and

rain conditions. For all vegetated surfaces, values of 505sm LA/ is an important parameter for calculating canopy resis-

and 100sm? are given forR .o for rain and dew con- tances.LAI values used in GEM are adopted here. Monthly

ditions, respectively. Equations (9a) and (9b) were devel-LA[ values at the beginning of each month are presented in

oped based on the 5-site flux data set for whighvalues  Fig. 2. LAI values on any day are interpolated using the day

seldom exceeded 1.5 m%sfor the two forest locations and number of the month. Note that several LUCs that have con-

0.8 ms! for the other three sites (crops). It is expected thatstantL A7 values are not shown in Fig. 2. They are set to

these equations give reasonable values for most conditions.0 (LUC 4), 6.0 (LUC 5, 8), 4.0 (LUC 9, 23), 3.0 (LUC 10,

but they may give unrealistically small values for S@hen  12), 1.0 (LUC 13) and 0.0 (LUC 1-3, 22, 24].AI values

u, is extremely large (e.gt,>2ms ™). Thus, a lower limit  for LUC 21 (urban) are set to a constant value of 1 in GEM.

of 100sn1?! is suggested for dry canopies and 20srfor SinceL Al values for urban locations in different regions can

wet canopies for S@ Note that Erisman et al. (1994a) first have quite different seasonal variations, we chose to assign a

proposed modelling cuticle resistance as a functiom® &f value of 0.1 in the winter season, gradually increasing to 1

for SOz, and similar chemical species, over dry canopies. in the late spring. We keep it as 1 until early fall, and then
In winter, when temperatures are belewl°C, R,; and reduce it gradually to 0.1 again at the end of fall (figure not

Rcuq are increased by as much as two times (with an uppeshown).
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Fig. 2. Leaf area index in the Northern Hemisphere.

Roughness lengthyq) is needed for calculating friction results from both model versions for the mean diurnal cycle
velocity, which subsequently affects aerodynamic, quasi-of half-hourly V; over wet canopies, along with the obser-
laminar and non-stomatal resistanceg from GEM can-  vations, are presented in Figs. 3b and d. For dry canopies,
not be used directly since it is treated together with topog-only results from the present model are shown in Figs. 3a
raphy. Dorman and Sellers (1989) presented monitpfpr and c since the differences between the present and the previ-
many different land types. Panofsky and Dutton (1984) andous model diurnal average results are small because the same
Pielke (1984) also reviewed typicap values for different  stomatal resistance sub-model is used in both models.
land types. Based on these studigsyalues for each LUC The suitability of the present model can be seen from the
are suggested and presented in Table 1. For water surfacegreement of modelled4and SQ deposition velocity com-
(LUC 1 and 3),zg is calculated as a function of wind speed pared to the observations for both dry and wet canopies and
or friction velocity (e.g. Hicks and Liss, 1976). For some the improved results compared to its previous version for wet
surfaces a constang value is suggested, while for others a canopies. It should be pointed out that the previous version
range ofzg values is given. For those surfaces that have vari-already considered, to some extent, dew and rain effects on
ablezg values, a formula similar to Eq. (7a) is used to obtain cuticle uptake based on the knowledge at the time the model
zo for any time period based anA 7 values: was developed. For example, a constant cuticle resistance

. of 400 s ! and 800 s m?! was used for @ under rain and

LAI®) - LAI(mm? X dew conditions, respectively, and 100s+mand 200 s m?
LAI(max) — LAI(min) for SO, under rain and dew conditions, respectively (Zhang
[zo(max) — zo(min)] (1) etal., 2002a). However, this model did not agree well with
observations (Figs. 3c and d). It overpredictesWQ during
nighttime and underestimates @, during the day. The new
version captures the higher daily values and also maintains
4.1 Comparison with measurements the lower nighttimeV,; values. The previous version seems

to predict reasonable SO/, during the night, but underes-

The major improvement of the present model is in thetimates S@ V; during the day. It can be expected that other
non-stomatal resistance parameterization, especially for wetodels, which do not adequately treat dew and rain, will ex-
canopies. Thus, we chose the measurements 30t hibit even less diurnal variations than the results shown here.
SO, dry deposition data at the Kane site (deciduous forest Sensitivity tests show that the aerodynamic resistance
in Pennsylvania, lat: 41.59%, long: 78.768 W, USA; 29  alone can only explain a small portion of observed diur-
April to 23 October 1997; Finkelstein et al., 2000). This is nal variations over wet canopies, i.e. 20-40% fa;, @0—

the only site that has a sufficiently large data set fera@d 50% for SQ, depending on the magnitude of the cuticle
SO, under wet canopy conditions to allow a thorough testand soil resistances (non-stomatal resistance). The larger
of the performance of the revised model. Measured meteothe non-stomatal resistance, the smaller the diurnal varia-
rological data ., stability, solar radiation and wetness) and tion caused by aerodynamic resistance variation. Figure 3b,
biological (L AT) information are used in calculating dry de- which shows daytime wet canopy conditions, assuming that
position velocities. To show the improvements of the presenistomatal uptake is not important for wet canopies in light of
model compared to its earlier version (Zhang et al., 2002a)stomata blocking by water drops and the presence of very

zo(t) = zo(min) +

4 Model evaluation and example output
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1.2

(a) 05, Dry canopy (b) 0,, Wet canopy
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Fig. 3. Average diurnal cycle deposition velocity (cm from observations (open circle), current model (filled circle), previous model
(triangle) and from an assumption of constant cuticle resistance for wet canopies (“x” symbol).

weak solar radiation, indicates that use of a constant valuexplicitly included in the non-stomatal resistance (i.e. the
of 400snt! for non-stomatal resistance for@esults in a  present model), can the observed,Sg) values be repro-
good estimation for nighttime £V, (~0.2cms?). Then duced.

the model predicts &, value of 0.45cm<s! in the early af- As mentioned above, the conclusions are based on the
ternoon, which is much smaller than observed value at thassumption that stomatal uptake is not important for wet
time (0.8~1.0cms?) (Note that the stomatal resistances canopies in light of stomata blocking by water drops and the
are the same for all tests). This demonstrates that aergpresence of very weak solar radiation, which controls stom-
dynamic resistance alone cannot explain the observed diurata opening. This assumption is consistent with limited ear-
nal variations. Thus earlier models fail to predict the cor- lier studies (e.g. Fuentes et al., 1992; Grantz et al., 1995).
rect diurnal cycle when cuticle uptake is not treated as aUltimately, this assumption is best verified using £énhd
function of meteorological conditions. Similar conclusions H»O flux data over wet canopies. However, £&nd HO

can be drawn for S@except that the aerodynamic resis- flux data at this site and the other sites we have used previ-
tance can cause slightly larger diurnal variations compareausly are not available. Thus further studies are still needed
to Oz because of the very small non-stomatal resistance usetb verify this assumption.

for SO, over wet canopies. For example (Fig. 3d), a con-

stant non-stomatal resistance of 80snproduces reason- 4.2 Modelled maximun¥, values for dry and wet canopies
able nighttime S@ V,; (0.5-0.8 cms! compared to obser- ]

vations 0.4-0.8 cmvs). The highest daytime SOV, value Based upon the model structure described abqve we expect
predicted is 1.2 cr€ (note that the inverse of 80 sthis model results to be sensitive to several of the input param-
around 1.2 cm'st), which is still smaller than observed val- €t€rs, namelyLAl, zo, u, SR, T and RH. These pa-

ues &2cmsl). Only when meteorological influences are rameters can vary widely due to meteorological variations
(i.,e. hourly to daily) and seasonal variations, as well as
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Table 2. Predicted maximum dry deposition velocity (cm$ for dry (left column) and wet (right column) canopies for 31 chemical species.
A value of 0.0 (over water or ice surfaces) for some species represents a value smaller than 0.04. Definition of 31 species is listed in the
appendix.

lUC SO, HpSO, NO; O3 H0p HNO; HONO HNO; NH; PAN PPN APAN MPAN HCHO MCHO PALD

21,21 20,20 00,00 01,01 21,21 26,26 27,27 2626 2222 00,00 0000 00,00 0000 19,19 0000 00,00
08,08 0808 0000 01,01 09,09 3030 1414 2323 0808 0000 0000 0000 0000 0707 0000 0000
21,21 20,20 0000 01,01 21,21 26,26 27,27 26,26 2222 0000 00,00 0000 0000 1919 0000 0000
1538 20,41 1215 1317 2244 5151 31,52 4850 1941 09,11 0911 09,13 06,07 17,36 04,03 0403
17,39 20,41 1213 1314 22,44 5353 3154 4853 2142 09,09 09,09 0911 07,06 1837 0504 04,03
15,38 20,41 12,15 1317 22,44 5151 31,52 4850 1941 09,11 09,11 0913 06,07 17,36 0403 04,03
1537 1838 1211 1212 20,41 51,51 2852 4350 2040 0808 0808 0909 0605 17,35 0503 0403
17,38 20,41 1213 1314 22,44 5353 3154 4853 2142 09,09 09,09 0911 0606 1836 0504 04,03
09,36 1238 0809 09,11 1340 4350 1951 30,49 11,39 0607 0607 0608 0404 10,34 0303 0302
12,23 14,23 09,08 1009 16,25 3737 20,33 2836 16,25 07,06 0706 0707 0504 1322 04,03 0403
13,23 14,24 1009 11,10 17,26 3737 21,34 29,36 17,25 0807 0707 0808 0605 14,22 0403 0403
11,23 14,24 0808 09,09 1526 3737 20,34 29,36 1325 0606 0606 0607 0404 1222 0302 0302
13,19 1520 08,08 0809 16,21 3333 2228 30,32 1420 06,06 0606 0607 0404 1318 0302 0302
16,22 1823 1313 14,13 21,26 3535 2532 3234 2126 10,09 09,09 0910 0807 1823 0505 0504
16,25 18,26 1313 14,14 20,28 3535 2535 3234 2128 10,09 09,09 1010 0807 1825 0504 0504
18,26 19,28 14,14 1515 22,30 3535 26,36 3334 2330 10,10 1010 10,11 0807 20,26 06,04 0504
1525 17,27 1313 14,14 20,29 3535 24,36 31,34 2028 10,10 09,09 1011 0807 17,25 0504 0504
11,23 13,24 0808 09,09 1526 3535 20,33 2834 1425 0606 0606 0607 0404 1222 0302 0302
14,26 16,27 11,10 12,11 1829 3737 2337 3136 1829 0808 0808 0809 0605 1525 0503 0403
1519 16,20 06,06 07,07 17,22 3333 2228 2833 1621 0505 04,05 0505 0303 1518 0302 0302
08,28 11,29 0605 0606 1231 4751 19,44 3350 1030 0404 0404 0505 0302 09,26 0202 0202
09,23 11,23 04,05 0405 11,25 3232 1732 2732 09,24 0303 0303 0304 0202 0821 0102 01,01
18,25 19,26 1009 10,10 21,28 3535 26,35 3334 2228 0707 07,07 0707 0605 19,25 0403 04,03
02,14 03,15 0202 0202 0315 2033 06,23 1332 01,15 0101 0101 0202 0101 0213 00,00 00,00
17,38 20,42 14,16 1518 23,45 5151 3252 4750 2242 10,12 1012 11,14 0808 1937 0504 0504
17,38 20,42 1416 1518 23,45 5151 3252 47,50 2142 10,12 10,12 1114 0807 1937 0504 0504

0 ~N o Ol B W N

PO RO RO MR RN 2 1 = 2 S b 2 1 2 2 o
SR ONEFE O ©Oom—Ioe oW - o

C4A C7TA  ACHO MVK MACR MGLY MOH ETOH POH CRES FORM ACAC ROOH ONIT INIT

00,00 00,00 0000 0000 0000 0101 1717 1616 13,13 0101 2727 2424 0505 00,00 00,00
00,00 00,00 00,00 0000 0000 0000 0505 0505 0404 0000 1414 11,11 0101 00,00 0000
00,00 00,00 0000 0000 0000 0101 1717 1616 1313 0101 27,27 24,24 0505 00,00 00,00
04,03 0302 0303 0503 04,03 0503 1430 1328 10,22 0403 24,52 20,47 1319 07,10 07,09
04,03 0303 04,03 0604 0403 0604 1630 1429 1122 0504 2554 21,48 13,17 07,08 07,08
04,03 0302 0303 0503 04,03 0503 1430 1328 10,22 0403 2452 20,47 1319 07,10 07,09
04,03 04,03 0403 07,04 04,03 0604 1529 1328 11,21 0504 2352 19,46 1215 07,07 0606
04,03 0303 04,03 0604 0403 0604 1630 1429 1122 0504 2554 21,48 13,17 07,08 07,08
03,02 0202 0202 0303 0302 0303 0828 07,27 0621 0302 1351 11,45 0814 0506 0506
04,03 0302 0302 0503 0403 0503 1219 11,18 0914 04,03 1832 1528 10,11 06,05 0505
04,03 0303 04,03 0604 04,03 0604 1319 11,18 09,15 0503 1832 1528 1112 06,06 0606
03,02 0202 0302 0302 0302 0302 10,19 09,18 0714 0302 17,32 1428 0911 0505 0505
02,02 0202 0202 0302 0202 0302 10,15 10,15 0711 0202 19,25 1622 0810 0505 0505
0504 04,04 04,04 0807 0504 0806 1620 1519 12,15 0706 2230 1926 1414 0708 0707
0504 04,03 0403 0806 0504 0806 1622 1420 1216 0705 2233 1929 1415 07,08 07,08
0504 04,04 0504 09,06 0504 0906 1823 17,22 1518 0805 2435 2131 1516 0809 07,08
0504 04,03 04,03 0806 0504 0805 1522 1421 12,17 07,05 2034 1830 1415 07,08 0708
03,02 0202 0302 0403 0302 0303 10,19 09,18 0714 0302 17,32 1428 09,11 0506 0505
04,03 04,03 0403 07,04 0403 0604 1422 1221 1017 0504 2035 1731 1213 07,07 0606
02,02 0202 0202 0302 0202 0302 1316 1215 09,12 0302 2026 17,23 0809 04,04 04,04
02,01 0201 0201 0202 0201 0202 0721 0620 0515 0202 1442 1135 0609 04,03 0303
0101 0101 0101 0101 01,01 0102 0718 0617 0413 0101 1431 1127 0508 0303 0203
04,03 0303 04,03 0604 04,03 0604 1721 1620 13,16 06,04 2433 21,30 1212 06,06 0505
00,00 00,00 0000 00,00 0000 0000 01,10 01,10 0107 0000 0322 0219 0203 0101 0101
04,03 04,03 0403 07,05 04,03 07,04 1631 1429 1222 0604 2552 2147 1520 08,10 0810
04,03 04,03 04,03 07,05 04,03 0704 1631 1429 1122 06,04 2552 20,47 1520 0810 0810
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geographic variations. Due to these large variations, it is dif-SO, solubility and reactivity. The increases are usually larger
ficult to provide typicalV; values from the model. We there- for canopies with largek. AI. Maximum Qs (and other simi-
fore ran the model for a wide, but realistic range of input lar species)y,; values for wet canopies are very close to those
values for these parameters, and estimated the typical rander dry canopies, due to the two contradictory factors, the in-
of V; values and compared them with published measure€rease in cuticle uptake and the decrease in stomatal blocking
ments. Here we present the results for each LUC under dr§Zhang et al., 2002b).
and wet canopy conditions assuming a reference height for As mentioned above, values in Table 2 do not cover the
the V; calculation of 20m. The range af. values used de- extreme conditions. Ifi, is larger than values used above,
pended upon the LUCs with the two roughest surfaces, every, values can be larger than those presented in Table 2. For
green and tropical broadleaf forests (LUC 5 and 8), beingexample, if a value of 1.5nT$ instead of 1.2ms! was
assigned values within the range of 0.1-1.51sforests  used foru. over deciduous forests (LUC 6 and 7), maxi-
and urban areas, a range of 0.1-1.211sand the remain-  mum Q; V, values would be 2.0 cnTs and 1.4 cm<s!? for
ing surfaces, a range of 0.1—0.8 m's These values were LUC 6 and 7, respectively. The large values are possible
taken from available observation data (Meyers et al., 1998considering the large roughness length of forests. For exam-
Finkelstein et al., 2000). Surface temperature was allowedple, of 2722 available, measurement samples at Kane site
to vary between-10 and 30C, solar radiation from O to  (deciduous forest) discussed in Sect. 4.1, 31% of total
800 W nT2 and relative humidity from 50-90%. All possi- samples) have values larger than 1.2thand 6 have val-
ble contributions ofi.., T, SR andR H were input separately ues larger than 1.5 nm$. Measured @ V; for the same site
into the model (using small increments for all variables: 0.1 has 5% larger than 1.2 cmsand 1% larger than 1.5 crs.
for u,, 1°C for T, 50Wn12 for SR and 5% forRH) to It seems that the model can predict large enough/@for
calculate the range of; values possible for each LUC. In needleleaf forests, even for extreme conditions compared to
addition, calculations were done for the first day of every measurements~2cms1). The model fails to predict ex-
month so that the seasonal variation/od/ was accounted treme Q V; for broadleaf forests (including tropical for-
for. Since, realistically, some of the test conditions would est), unless even largar. values are used. This is caused
be highly unlikely (e.g. high temperatures and large solarby too large values chosen for two input parametés; (o
radiation over tundra), the allowed ranges were adjusted sandR.,;,0), which seems to work well if extreme conditions
that 8C is the minimum temperature for tropical forests and (~1%) are excluded. As discussed in Zhang et al. (2002), the
20°C and 500 W m? are the maximum values for tundra. model was developed using measurements that exclude (1 to
We expect that the maximur¥y; values (Table 2) extracted 3%) extreme conditions.
from these model test runs will be representative of the real- Zhang et al. (2002a) reviewed and discussed all published
world typical maximumV,, excluding some extreme condi- measurements for all species of interest. Most flux measure-
tions (e.g.~1% largest values ever observed), for most landments of S@, O3, NO2, NH; and HNQG; support the results
types under dry and wet conditions. generated from the present model. The very limited set of
The maximum calculated, values for dry forest canopies measurements for PAN, HCHO .8, and ROOH also agree
and agricultural lands range around 0.9-1.7 cinfer SOy, well with model results. As indicated earlier, there are no
0.6-1.5cms? for Oz and 3.3-5.3cms' for HNOs. NO2  data for the other species and thus Table 2 provides only a
V4 follows the pattern of @ V; but with slightly smaller val-  first-order estimation of their deposition rates, which cannot
ues =0, p=0.8). HO, V; is higher than both SPand  be validated at present stage.
Oz during both day and nightxE€1, g=1). HNG; has the
highestV,; among all the chemical species considered here4.3 Modelled typical; values under different dry and wet
due to its high solubility and reactivityx€10, =10). The conditions
V; of PAN mimics the pattern of ©(«=0, 8=0.6) but is
always smaller while thé/; of HCHO follows the pattern To attempt to provide an indication of the typida} values
of SO, (@=0.8, 8=0.2). NH; is similar to SQ («=1, 8=0), (instead of the maximum range as shown in Table 2) and to
but slightly higher during the day due to its higher molecu- demonstrate the effect of day vs. night, wet vs. dry and
lar diffusivity (Note that bi-directional exchange for Nkt snow conditions, we ran the model again using typical val-
not treated in the present study). THg of ROOH is sim-  ues for the input parameters. Table 3 listsihevalues used
ilar to the values for @ (¢=0.1, =0.8). TheV,; of HoSOy for different LUCs for several typical conditions. Note that
and HNQ follows the pattern of HN@but is smaller. Min-  u,, for dry and rainy summer days was given the same set
imum V;, values (not presented in Table 2) for most chemi- of values, as for dry and rainy summer night, whilg for
cal species are around 0.01-0.05 crh ®or most LUCs. It dewy summer nights was assumed smaller values. Typically
could be even smaller if, were given smaller values (e.g. LUC 5 (evergreen broadleaf trees) and 8 (tropical broadleaf
<0.1snmd. trees) can expect to have the largestvalues reflecting
Maximum SQ (and other similar specied); values for  their large roughness; conversely, smooth surfaces (ice, wa-
wet canopies are much larger than for dry canopies due taer, tundra) have the smallast values. The other dominant
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Table 3. Friction velocity (m s'1) used for producing Table 4.

LUC Day Night Night Day
dryorrain dryorrain dew  Snow
1 water 0.3 0.25 0.2 0.3
2 ice 0.25 0.15 0.15 0.25
3 inland lake 0.25 0.2 0.2 0.25
4 evergreen needleleaf trees 0.6 0.3 0.2 0.45
5 evergreen broadleaf trees 0.7 0.35 0.2 0.5
6 deciduous needleleaf trees 0.6 0.3 0.2 0.45
7 deciduous broadleaf trees 0.6 0.3 0.2 0.45
8 tropical broadleaf trees 0.7 0.35 0.2 0.5
9 drought deciduous trees 0.6 0.3 0.2 0.45
10 evergreen broadleaf shrubs 0.4 0.2 0.2 0.3
11 deciduous shrubs 0.4 0.2 0.2 0.3
12 thorn shrubs 0.4 0.2 0.2 0.3
13 short grass and forbs 0.4 0.2 0.2 0.3
14 long grass 0.4 0.2 0.2 0.3
15 crops 0.4 0.2 0.2 0.3
16 rice 0.4 0.2 0.2 0.3
17 sugar 0.4 0.2 0.2 0.3
18 maize 0.4 0.2 0.2 0.3
19 cotton 0.4 0.2 0.2 0.3
20 irrigated crops 0.4 0.2 0.2 0.3
21 urban 0.6 0.3 0.2 0.45
22  tundra 0.25 0.15 0.15 0.25
23 swamp 0.4 0.2 0.2 0.3
24 Desert 0.25 0.15 0.15 0.25
25 mixed wood forests 0.6 0.3 0.2 0.45
26 Transitional forest 0.6 0.3 0.2 0.45
meteorological variables used for the tests are?Q(r), V4 of Oz is slightly larger compared to dry nighttime con-

75% (RH) and 600 Wm2 (SR) for dry summer day; 26C ditions, while V; of SO, is substantially larger. The main
(T) and 200 W2 (SR) for rain summer day; 1 (T) and  result is that when canopies are wetted by dew, both 8@
75% (R H) for dry summer night; ané-2°C (T') and 20cm Oz have slightly largei,; values compared to dry nighttime
(S D) for snow-covered conditions (note that for ice surfaces,conditions assuming, values are the same. However, since
the temperature is given a value e2°C for all the tests). u, under dew conditions is usually smaller than under dry
Only 5 chemical species are presented here (Table 4) as exand rainy conditions (as was found in Zhang et al., 2003),
amples. Results for other species can be obtained by comV; values under dew conditions are not necessarily larger
paring their two scaling parameters dndg in Zhang etal.,  than under dry conditions, as shown in Table 4. In winter
2002a) and by comparing their maximuv values in Ta-  when there is snow, SOV, is around 0.4 cm'st. However,
ble 2 with those of the 5 species shown. it can be close to 1cnT$ over snow surfaces if the tem-
perature is higher thar*C (see Eg. 8a). ®V; is less than
For SG and G, V; is found to typically be around 0.6— 0.1 cm st if the surfaces are fully covered by snow, but can
0.9cms? for a summer day for most vegetated surfacespe higher than 0.2 if the surfaces are partially covered by
with dry canopy conditions. As expectel, is larger over  snow (e.g. forest canopies). It is well known that surface re-
canopies with largeL A7 (e.g. forests) and smallet,;,  sistance R.) for HNOs is very small (i.e<20snt1). Thus,
(e.g. crops LUCs 15-17). Stomatal resistance is the domiaerodynamic resistanc&k) usually dominates the rate of
nant term during dry daytime conditions. When canopies areHNOs dry deposition. HoweverR. of HNOs can be sub-
wet due to rain, S@V,; increases substantially for vegetated stantially larger (e.g>100s n‘rl) under very dry conditions
surfaces due to increased cuticle uptake. During nighttimge.g. RH <20%, Tarnay et al., 2002). Many models spec-
over dry canopies, SOV, is around 0.2-0.4cnTs$, and & ify a lower limit for R. of HNO3 (e.g. 10sm? in Wesely,
Vg is 0.1-0.3cmst. V; of SO; is larger than that of @ 1989 and Brook et al., 1999a). In the present study, we do
due to the smaller cuticle and soil resistances assigned t@ot set a lower limit, but calculat®. for HNO3 using two
SO,. During nighttime over wet canopies caused by rain,
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Table 4. Predicted dry deposition velocity (crii¥) for chemical species SQHCHO, 03, PAN and HNQ under 6 typical conditions: dry
summer day, rain summer day, dry summer night, dew summer night, rain summer night and winter day with snow.

LU S0y HCHO 0 PAN NGy

Dy Ran Dy Dew Ran Snow Dy Ramn Dy Dew Ran Snow Dy Ran Dy Dew Ran Snow Dy Ramn Dy Dew Ram Snow Dy Ran Dy Dew Ran Snow
Day Day Nght Night Night Day Day Day Night Night Night Day Day Day Night Night Night Day Day Day Night Night Night Day Day Day Night Night Night Day

092 092 071 053 070 089 091 091 071 05 071 08 005 005 005 005 005 005 003 003 003 003 003 003 100 L01 076 056 076 097
05 05 039 03 039 05 05 05 037 03 037 05 005 005 005 005 005 005 003 003 003 003 003 003 11 L1 061 054 061 108
079 079 058 053 058 076 079 079 059 05 05 076 005 005 005 005 005 005 003 003 003 003 003 003 08 086 062 056 062 082
084 194 024 03 087 03 0% 188 02 034 08 035 073 091 015 020 034 023 051 062 011 014 028 017 297 339 135 117 188 19
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© O — o Gl B~ O PO

scaling parameters €10, =10). For summer daytime dry species that do not have measurements, the tables presented
canopy conditionsy,; of HNOjz is higher than 1.5cmg here are believed to provide some useful information for ap-
for canopies with small roughness lengths and higher tharmplications where deposition velocities are needed.

3cms ! for forest canopies with larger roughness lengths.

Under wet conditionsy, values are even larger. This is be- . ]

causeR, is small (e.g.<20s 1) under unstable stratifica- °© Conclusions and recommendations

tion conditions and is in the same magnituderas Thus,
decreases iR under rain conditions will increaseé;. Dur-

ing the nighttime, HN@ Vy is still close to 1.0cm3s! for
canopies with smalfg values and even higher for canopies
with largezg. HNO3 V; under dry nighttime conditions is
slightly larger than under rainy nightgtime conditions, but
Va4 under dew conditions is close (slightly smaller or larger)
to that under dry conditions, mainly due to the dominant
role of aerodynamic resistance under stable conditions. A
discussed earlier, and also shown in Tablé/4,0f HCHO

A revised parameterization for estimating dry deposition ve-
locities in air-quality models that includes a newly devel-
oped non-stomatal resistance formulation, a realistic treat-
ment of cuticle and ground resistance in winter (low tem-
perature and snow-covered surfaces) and the handling of
seasonally-dependent input parameters (L.4./, zo, resis-
tance components) has been found to predict more realistic
gleposition velocities compared to other existing models, es-
pecially for wet canopies. Modelled maximum deposition
follows the pattern of S@and V, of PAN mimics the pat- vt_al_ocities derived from values of prical meteorological con-
ditions are also found to be realistic compared to published

tern of &;. Overall, the typicalV,; values shown in Ta- m rements. However. there are few m rerm ¢
ble 4 are consistent with the published measurements re: easurements. However, there are few measuremets o

viewed by Sehmel (1984), Brook et al. (1999b), Wesely andfor chemical compounds other than 5@s, NOz, HNGs,

. ; NH3. Hence, although the approach presented here is ex-
Hicks (2000) and Zhang et al. (2002a). Again, for many pected to be reasonably realistic for those other compounds,
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Table 5. Appendix A: Nomenclature.

o

parameter for cuticle and soil resistances scaling tp ®®-10.0)

B: parameter for cuticle and soil resistances scaling4¢d0-10.0)

Y, Ve Vet leaf-water-potential (Mpa)

brs: empirical light response constant for stomatal resistance (\ﬂom
bypd: water-vapour-pressure-deficit constant (RP};\

D: vapour pressure deficit (kPa),

e, e*: ambient and saturation water vapour pressure (kPa), respectively.
Sfsnow: snow cover fraction (0.0-1.0)

LAIL leaf area index (fim—2)

Femin. minimum stomatal resistance (sTH

Ry: aerodynamic resistance (S™). Same unit for all resistance parameters listed below.
Ruc, Ruc0: in-canopy aerodynamic resistance

Rp: guasi-laminar sublayer resistance

R: canopy resistance

Reur: cuticle resistanc

Reutds Reurdo:

Reutwy Reyrwo:

Ry:

Rga’ew: Rgrain:

dry cuticle resistance

wet cuticle resistance

ground resistance

soil resistance with dew and rain, respectively

Rice: ice resistance

Ry: mesophyll resistance

Rys: non-stomatal resistance
Rsnow: snow resistance

Rgoil: soil resistance

Ry stomatal resistance
Ruyater: water resistance

RH: relative humidity (0—100%)
sd, sdmax: snow depth (cm)

SR: solar radiation (W rm2)

Tnins Tmax Topt:

minimum, maximum and optimum temperature for stomatal operfi6y, fespectively.
D)

Us: friction velocity (m s~

vy dry deposition velocity (ms?)

W fraction of stomatal blocking (0.0-0.5)
z0: roughness length (m)

many of the estimated values presented in this paper have ndihat stomatal uptake is not important under wet conditions.
been validated due to the lack of data. It is important to include the compensation point of Nidr
areas where Nglemission can occur. However, all the infor-
"mation necessary to implement this formulation in regional
scale models and/or across multiple locations is not available.

Though the model performs better compared to its earlie
version, it clearly still has limitations and uncertainties as
discussed in the Introduction. To improve future dry depo-
sition models further evaluations are needed using data from Many chemical species are estimated to have high depo-
many different sites, especially sites not used for model desition velocities, yet these have never been measured. Any
velopment. Unfortunately, flux measurements in many loca-measurement of flux for these species would be valuable
tions where dry deposition may be important (e.g. rough terto be able to begin verifying the scaling method. This is
rain, “edges” or step changes in vegetation/land-use) are ngtrobably difficult to measure for species with very low con-
possible, though there exist some limited theoretical studiesentrations since no instruments exist with suitable sensitiv-
(Physick and Garratt, 1995; De Jong and Klaassen, 1997ty and fast enough response time. However, there are ap-
Yet air quality models are required to include deposition in proaches for dealing with the fluxes of chemically reactive
such situations. Also, measurements ob®¥Bposition over  species, as long as their concentrations are high enough for
different wetness conditions are needed in order to verifythe measurement techniques. Even soil resistance to differ-
the assumptions made in the present study; and simultanent gaseous species over different surfaces (e.g., snow, ice,
ous flux measurements of GOH,O and pollutant gaseous bare soil, below canopy) needs further investigation. Sepa-
species (e.g. § SO) are needed to verify the assumption rate measurements of stomatal and non-stomatal uptake are
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Table 6. Appendix B: Definition of 31 species.

No. Symbol Name

1 SO Sulphur dioxide

2 H,SOq  Sulphuric acid

3 NO» Nitrogen dioxide

4 O3 Ozone

5 HoOo Hydrogen peroxide
6 HNO3;  Nitric acid

7 HONO  Nitrous acid

8 HNOy Pernitric acid

9 NH3 Ammonia

10 PAN Peroxyacetylnitrate
11 PPN Peroxypropylnitrate
12 APAN Aromatic acylnitrate
13 MPAN  Peroxymethacrylic nitric anhydride
14 HCHO  Formaldehyde

15 MCHO  Acetaldehyde

16 PALD C3 Carbonyls

17 C4A C4-C5 Carbonyls
18 C7A C6-C8 Carbonyls
19 ACHO  Aromatic carbonyls
20 MVK Methyl-vinyl-ketone
21  MACR  Methacrolein

22 MGLY  Methylgloxal

23 MOH Methyl alcohol

24  ETOH Ethyl alcohol

25 POH C3 alcohol

26 CRES Cresol

27 FORM  Formic acid

28 ACAC  Acetic acid

29 ROOH  Organic peroxides
30 ONIT Organic nitrates

31 INIT Isoprene nitrate
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