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Abstract. A parameterization scheme for calculating
gaseous dry deposition velocities in air-quality models is re-
vised based on recent study results on non-stomatal uptake of
O3 and SO2 over 5 different vegetation types. Non-stomatal
resistance, which includes in-canopy aerodynamic, soil and
cuticle resistances, for SO2 and O3 is parameterized as a
function of friction velocity, relative humidity, leaf area in-
dex, and canopy wetness. Non-stomatal resistance for other
chemical species is scaled to those of SO2 and O3 based on
their chemical and physical characteristics. Stomatal resis-
tance is calculated using a two-big-leaf stomatal resistance
sub-model for all gaseous species of interest. The improve-
ments in the present model compared to its earlier version
include a newly developed non-stomatal resistance formula-
tion, a realistic treatment of cuticle and ground resistance in
winter, and the handling of seasonally-dependent input pa-
rameters. Model evaluation shows that the revised param-
eterization can provide more realistic deposition velocities
for both O3 and SO2, especially for wet canopies. Example
model output shows that the parameterization provides rea-
sonable estimates of dry deposition velocities for different
gaseous species, land types and diurnal and seasonal vari-
ations. Maximum deposition velocities from model output
are close to reported measurement values for different land
types. The current parameterization can be easily adopted
into different air-quality models that require inclusion of dry
deposition processes.
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1 Introduction

Dry deposition is an important process that must be ad-
dressed in regional air-quality models. Wesely (1989) de-
veloped a parameterization scheme for estimating gaseous
dry deposition velocities, which has been widely used in
a number of models (RADM, Chang et al., 1987; STEM,
Carmichael et al., 1991; URM, Harley et al., 1993; CMAQ,
Byun and Ching, 1999). Similar dry deposition models have
been developed for air-quality models around the world (e.g.
Padro et al., 1991; Scire, 1991; Ganzeveld and Leieveld,
1995; Pleim and Xiu, 1995; Zhang et al., 2002a; Wu et
al., 2003). Some single layer (usually called big-leaf) and
multi-layer dry deposition models have also been developed
for estimating acid rain and dry deposition inputs to ecosys-
tems (e.g. Erisman et al., 1994b; Duyzer and Fowler, 1994;
Meyers et al., 1998; Brook et al., 1999a; Smith et al., 2000).
There are many other models involving dry deposition cal-
culations for specific applications (e.g. Gao et al., 1993;
Kramm et al., 1995; Singles et al., 1998; Mcdonald-Buller
et al., 1999; Tetzlaff et al., 2002;) A review of available
dry deposition models was recently reported by Wesely and
Hicks (2000).

Most existing dry deposition models utilize the multiple
resistance analogy approach when parameterizing the depo-
sition velocity to vegetation and other surfaces. In this ap-
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.g. O3 dose
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-
aration of these processes is necessary because stomatal up-
take only occurs during the daytime for most canopy types,
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during which time it dominates over non-stomatal uptake for
many chemical species.

There are many different approaches for stomatal resis-
tance calculations ranging from simple parameterizations as
functions of solar radiation and/or time of day (Wesely, 1989;
Padro et al., 1991), one- or two-big-leaf approaches (Jarvis,
1976; Hicks et al., 1987; Zhang et al., 2002a), to a multi-
layer leaf-resistance model (Baldocchi et al., 1987). For non-
stomatal resistance, a constant is typically chosen for a par-
ticular season and land type (e.g. Wesely, 1989; Zhang et
al., 2002a), thereby ignoring many processes that can effect
this deposition pathway. Recent measurements have demon-
strated that non-stomatal uptake is affected by meteorolog-
ical conditions, such as friction velocity (u∗), relative hu-
midity (RH) and canopy wetness, as well as biological fac-
tors, such as canopy type, leaf area index (LAI) and grow-
ing period. For example, measurements over several differ-
ent canopies (forests, maize) in France (Lamaud et al., 2002;
Laville et al., 2002; Lopez et al., 2002) showed that the non-
stomatal uptake of O3 (i.e. the nighttime deposition) is con-
trolled by the friction velocity. However, to date only a few
models have included meteorological information in their
non-stomatal formulations, e.g.u∗ in the in-canopy aerody-
namic resistance and RH in the cuticle resistance (Erisman
et al., 1994a, b). Recently, Zhang et al. (2002b, 2003) ana-
lyzed O3 and SO2 deposition flux data (Zhang et al., 2002b,
2003) from measurements taken over five different canopies
(mixed forest, deciduous forest, corn, soybean and pasture)
in the eastern USA (Meyers et al., 1998; Finkelstein et al.,
2000) and proposed a new set of parameterizations for the
non-stomatal resistance including in-canopy, soil and cuticle
resistances. These led to better agreement between model
results and measurements, thereby demonstrating the value
of more detailed treatment of the processes influencing non-
stomatal uptake.

The purpose of this study is to develop an improved dry
deposition parameterization scheme for air quality models by
including the newly developed non-stomatal resistance pa-
rameterizations (i.e., Zhang et al.; 2002b, 2003). We build
upon the model (a big-leaf model) presented in Zhang et
al. (2002a), which was developed for calculating dry deposi-
tion velocities for 31 gaseous species for AURAMS (Moran
et al., 1998), but which only included seasonally-adjusted
values for non-stomatal resistance. Other improvements to
this previous model include more realistic treatment of cu-
ticle and ground resistance in winter and the handling of
seasonally-dependent input parameters.

The new model presented in this paper represents the first
attempt of which we are aware to include more realistic
non-stomatal uptake parameterizations for a wide range of
gaseous compounds. While we show in this paper that this
new model improves dry deposition estimates for O3 and
SO2 and is thus expected to lead to more reliable air quality
models, the new model still has many limitations and uncer-
tainties requiring further investigation. For example, the dif-

ferent non-stomatal resistance values used for SO2 over dew
and rain wetted canopies are only based on results from mea-
surements at one site (Zhang et al.; 2003). This is because
sufficient SO2 flux data to estimate the required parameters
are very limited. This weakness clearly points to the need for
more SO2 flux data over a wide variety of conditions. Sim-
ilar data for the other 29 gaseous compounds treated in this
present model are scarce if not non-existent. It has therefore
been necessary to resort to the approach proposed by Wes-
ley et al. (1989), which is based upon solubility and reactiv-
ity, to include these compounds. This will continue to be a
weakness of unknown uncertainty in air quality models until
significant advances are made in measuring fluxes for many
different compounds.

Earlier studies show that aqueous-phase chemistry plays
an important role for both O3 and SO2 deposition (Fowler et
al., 1979; Chamberlain, 1987; Wesely et al., 1990). Though
aqueous-phase processes are considered in most air-quality
models (in cloud and rain processes) this process cannot be
treated explicitly in simple big-leaf dry deposition models
due to the unavailability of pollutant concentrations, pH val-
ues and other related information at the leaf surface. Thus,
uncertainties exist in simple parameterizations like the one
presented here, due to variations in the aqueous-phase pro-
cesses caused by variations in wetness formation mecha-
nisms, geographical locations and many other factors. Other
important processes missed in the current model include the
co-deposition of SO2 and NH3 (Erisman et al., 1993, 1994b;
Cape et al., 1998), bi-directional gas exchange or the com-
pensation point (Sorteberg and Hov, 1996; Sutton et al.,
1998; Flechard et al., 1999; Husted et al., 2000; Spindler
et al; 2001) and the dependence of SO2 and NH3 soil resis-
tance on soil pH (Erisman et al., 1994b). Co-deposition of
SO2 and NH3 is important under wet and humid conditions
and bi-directional exchange is important for emitted species.
These processes are not included in the present model due to
a lack of information over broad land types. Other uncertain-
ties (as discussed in Zhang et al., 2003) include those related
to the calculation of the aerodynamic and quasi-laminar re-
sistance, which are not exact representations of the actual
processes.

Obviously, errors in the flux measurements from which
the model has been developed and tested also contribute to
subsequent model uncertainty. Such errors are likely greater
under certain conditions (e.g. nighttime stable situations)
and vary by location and chemical compound. Furthermore,
complete understanding of air-surface exchange processes,
especially at the micro-scale, is lacking and thus model for-
mulations and parameterizations are currently relatively sim-
plistic representations of some, if not most, of these pro-
cesses.

Despite many uncertainties discussed above, a well-
developed big-leaf model can lead to flux estimates that are
as good as some more sophisticated models (Meyers et al.,
1998; Wu et al., 2003), given our present relatively limited
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knowledge about all the processes controlling dry deposi-
tion. The simpler models also have the advantage of requir-
ing fewer assumptions regarding input parameters, which po-
tentially avoids additional uncertainties.

The land use categories (LUC) used in Zhang et al. (2002a)
are based, with some modifications, on BATS (Biosphere At-
mosphere Transfer Scheme, Dickinson, 1986). This scheme
was generated from 205 global land types with high resolu-
tion (1 km×1 km) 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. LAI, roughness length,z0) 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
(Cot́e 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 (LAI
andz0) are given in Sect. 3. Comparison of model results
with single site measurements of O3 and SO2 dry deposition
velocity and example model output are given in Sect. 4. The
nomenclature of all parameters used in this paper and defini-
tions of 31 gaseous species are listed in an Appendix.

2 Model description

The scheme for the revised model is shown in Fig. 1. The
primary resistances to pollutant uptake are the aerodynamic
resistance (Ra), the quasi-laminar sublayer resistance (Rb)
above the canopy, and the overall canopy resistance (Rc). Rc
can be separated into two parallel paths; one is stomatal re-
sistance (Rst ) with its associated mesophyll resistance (Rm),
and the other is non-stomatal resistance (Rns). Rns can be
further decomposed into resistance to soil uptake, which in-
cludes in-canopy aerodynamic resistance (Rac) and the sub-
sequent soil resistance (Rg), as well as resistance to cuticle
uptake (Rcut ). Note thatRcut here is slightly different from
that defined in traditional big-leaf models in that it also con-
siders the aerodynamic and quasi-laminar resistances of in-
dividual leaves. This is done by parameterizingRcut as a
function of friction velocity, similar to the concept of overall
cuticle uptake considered in a multi-layer model framework
(e.g. Baldocchi, 1988).

Based on the above discussion, the dry deposition velocity,
Vd , is defined as:

Vd =
1

Ra + Rb + Rc
(1)

where expressions forRa andRb can be found in many ear-
lier dry deposition studies (e.g. Erisman et al., 1994b; Mass-
man et al., 1994; Padro et al., 1991; Padro, 1996; Wesely et
al., 2001). The uncertainties inRa andRb from the differ-
ent models are small, although large errors can exist under

Figure 1: Scheme of resistance analogy.
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Fig. 1. Scheme of resistance analogy.

strong stable conditions (Massman et al., 1994; Zhang et al.,
2003). In the present study, onlyRc is discussed.Rc is pa-
rameterized as (Zhang et al., 2002b):

1

Rc
=

1 −Wst

Rst + Rm
+

1

Rns
(2)

1

Rns
=

1

Rac + Rg
+

1

Rcut
(3)

whereWst is the fraction of stomatal blocking under wet
conditions.Rst is calculated using a sunlit/shade (so-called
two-big-leaf) stomatal resistance sub-model (Zhang et al.,
2002a). Rm is treated as dependent only on the chemical
species and we used the values for some common species
considered in air-quality models as specified in Zhang et
al. (2002a). Note that Eqs. (2) and (3) are for surfaces with
canopies. For surfaces without canopies (e.g. water, ice,
desert),Rst , Rm, Rac andRcut are not applicable. For the
convenience of using the same equations for all LUCs, we
defineRg as the resistance to any surfaces, e.g. soil, ice,
snow and water (more discussion below). Thus, for surfaces
without canopies, a value of 0 is given toRac and a very large
value (i.e. 1025 s m−1) is used forRst , Rm andRcut . Rac is
not chemical species-dependent whileRg andRcut are. Rg
andRcut are calculated for SO2 and O3 and then scaled for
other gaseous species based on the formula (similar to We-
sely, 1989):

1

Rx(i)
=

α(i)

Rx(SO2)
+

β(i)

Rx(O3)
(4)

where Rx represents non-stomatal resistance components
(i.e., Rcut andRg) and i represents the particular gaseous
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Table 1. Land use categories and all related parameters (all resistance have a unit of s m−1, na=not applicable; f(u) means a function of wind
speed).

LUC Rac0 Rcutd0 Rcutw0 Rcutd0 Rgd rstmin brs Tmin Tmax Topt bvpd ψc1 ψc2 z0 Sdmax

O3 O3 SO2 SO2 (s m−1) (Wm−2) (◦C) (◦C) (◦C) (kPa−1) (Mpa) (Mpa) (m) (cm)

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 f(u) na
4 evergreen needleleaf trees 100 4000 200 2000 200 250 44 −5 40 15 0.31 −2 −2.5 0.9 200
5 evergreen broadleaf trees 250 6000 400 2500 100 150 40 0 45 30 0.27−1 −5.0 2.0 400
6 deciduous needleleaf trees 60–100 4000 200 2000 200 250 44 −5 40 15 0.31 −2 −2.5 0.4–0.9 200
7 deciduous broadleaf trees 100–250 6000 400 2500 200 150 43 0 45 27 0.36−1.9 −2.5 0.4–1.0 200
8 tropical broadleaf trees 300 6000 400 2500 100 150 40 0 45 30 0.27−1 −5.0 2.5 400
9 drought deciduous trees 100 8000 400 6000 300 250 44 0 45 25 0.31−1 −4.0 0.6 200
10 evergreen broadleaf shrubs 60 6000 400 2000 200 150 40 0 45 30 0.27−2 −4.0 0.2 50
11 deciduous shrubs 20–60 5000 300 2000 200 150 44 −5 40 15 0.27 −2 −4.0 0.05–0.2 50
12 thorn shrubs 40 5000 300 2000 200 250 44 0 45 25 0.27 −2 −3.5 0.2 50
13 short grass and forbs 20 4000 200 1000 200 150 50 5 40 30 0 −1.5 −2.5 0.04 5
14 long grass 10–40 4000 200 1000 200 100 20 5 45 25 0 −1.5 −2.5 0.02—0.1 20
15 crops 10–40 4000 200 1500 200 120 40 5 45 27 0 −1.5 −2.5 0.02–0.1 10
16 rice 10–40 4000 200 1500 50 120 40 5 45 27 0 −1.5 −2.5 0.02–0.1 10
17 sugar 10–40 4000 200 2000 200 120 50 5 45 25 0 −1.5 −2.5 0.02–0.1 10
18 maize 10–50 5000 300 2000 200 250 65 5 45 25 0 −1.5 −2.5 0.02–0.1 10
19 cotton 10–40 5000 300 2000 200 125 65 10 45 30 0 −1.5 −2.5 0.02–0.2 10
20 irrigated crops 20 4000 200 2000 50 150 40 5 45 25 0 −1.5 −2.5 0.05 10
21 urban 40 6000 400 4000 300 200 42 0 45 22 0.31 −1.5 −3 1.0 50
22 tundra 0 8000 400 2000 300 150 25 −5 40 20 0.24 0 −1.5 0.03 2
23 swamp 20 5000 300 1500 50 150 40 0 45 20 0.27 −1.5 −2.5 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 44 −3 42 21 0.34 −2 −2.5 0.6–0.9 200
26 Transitional forest 100 4000 200 2500 200 150 43 0 45 25 0.31 −2 −3 0.6–0.9 200

species. Parametersα andβ are two scaling factors based
on the chemical species’ solubility and half-redox reactivity
(Wesely, 1989). Scaling parameters for a total of 31 species
are presented in Table 1 of Zhang et al. (2002a). The details
of each of the terms in Eqs. (2)–(4) are discussed below.
Wst : Zhang et al. (2002b), using O3 flux data from five

sites in eastern North America, found thatWst is not im-
portant under most wet conditions because of weak solar ra-
diation (SR), which leads to largeRst . However, there are
some exceptions to this such as morning dew and sunshine
immediately after rain when solar radiation is strong. In such
cases, we calculate a smallRst (see Eq. 6), however, stom-
ata can be partially blocked by water films and theWst term
will then increase the stomatal resistance. Thus, the follow-
ing formula is suggested for wet canopies (for dry canopies,
Wst always equals 0):

Wst =

{ 0, SR ≤ 200 Wm−2

(SR − 200)/800, 200< SR ≤ 600 Wm−2

0.5, SR > 600 Wm−2
(5)

Wst is given a value other than 0 only when solar radiation
is relatively strong (>200 W m−2) and the canopy is wet. If

rain or dew occurs, the canopy is treated as wet. The oc-
currence of dew is defined based on particular meteorolog-
ical conditions, e.g. RH,u∗ and cloud cover (Janssen and
Romer, 1991) as adopted in Brook et al. (1999a). Note that
Wesely (1989) increased the stomatal resistance by a factor
of 3 (equivalent of aWst of 0.67) for wet surfaces. Zhang
et al. (2002a) used several constants for different wet con-
ditions (0.7 for dew and 0.9 for rain). Our data show that
these values are probably too large for most wet conditions
and thus the new formula is suggested with an upper limit of
0.5 forWst .
Rst : The following sunlit/shade stomatal resistance sub-

model (Zhang et al., 2002a) is used for calculatingRst for all
gaseous species:

Rst = 1/[Gs(PAR)f (T )f (D)f (ψ)Di/Dv] (6)

whereGs(PAR) is the unstressed leaf stomatal conductance,
a function of photosynthetically active radiation (PAR). Cal-
culation ofGs(PAR) is described in Zhang et al. (2002a)
and is not repeated here. The dimensionless functionsf (T ),
f (D) andf (ψ) represent the conductance-reducing effects
of air temperatureT , water-vapour-pressure deficitD, and
water stress (leaf water potential)ψ , respectively, on leaf
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stomatal conductance (Brook et al., 1999a). The formulas
for these functions are:

f (T ) =
T − Tmin

Topt − Tmin

[
Tmax − T

Tmax − Topt

]bt
(6a)

with

bt =
Tmax − Topt

Topt − Tmin
(6b)

f (D) = 1 − bvpdD (6c)

with

D = e∗(T )− e (6d)

and

f (ψ) = (ψ − ψc2)/(ψc1 − ψc2) (6e)

with

ψ = −0.72− 0.0013SR (6f)

Tmin and Tmax are minimum and maximum temperatures
(◦C) that indicate the temperatures below and above which
complete stomatal closure occurs.Topt is an optimum tem-
perature that indicates the temperature of maximum stom-
atal opening. bvpd is a water-vapour-pressure-deficit con-
stant (kPa−1), D is the vapour pressure deficit (kPa),e∗(T )
is the saturation water vapour pressure (kPa) at air tem-
peratureT (◦C), ande is the ambient water vapour pres-
sure (kPa). ψc1 andψc2 (MPa) are parameters that spec-
ify leaf-water-potential dependency. Whenψ>ψc1 (i.e. no
leaf water potential stress),f (ψ)=1.0. Values for all pa-
rameters required for calculatingRst are taken from Brook
et al. (1999a), Dorman and Sellers (1989), Dickinson et
al. (1986), and NOAA (1992) library data, and are listed
in Table 1. These parameters arersmin (minimum stomatal
resistance),brs (empirical light response coefficient),Tmin,
Tmax , Topt , bvpd , ψc1 andψc2. Explicitly consideration of
the soil moisture content inf (ψ) as was done in Wesely et
al. (2001) is preferable, however, LUC-specific parameters
for the soil moisture effect onRst are very limited. There-
fore an approach, which follows Sellers et al. (1996), is used
as we have in the past (Brook et al., 1999a).

During nighttime when there is no solar radiation, the leaf
stomata are assumed to be completely closed.Rst estimated
from Eq. (6) then has an infinite value. Recent research sug-
gests that the stomata of some canopy species may still be
partially open even at night (Gunthardt-Goerg et al., 1997;
Musselman and Minnick, 2000; Wiser and Havranek, 1993,
1995). However, this behaviour is difficult to quantify given
present knowledge. In this study we treat the stomata as fully
closed at night.
Rac: In-canopy aerodynamic resistance should be the

same for all gaseous species. The formula developed in
Zhang et al. (2002b) is used:

Rac =
Rac0LAI

1/4

u2
∗

(7)

whereRac0 is the reference value for in-canopy aerodynamic
resistance.Rac0 is expected to vary with different canopy
types and suggested values are given in Table 1 for all LUCs.
For some LUCs, a range ofRac0 values is given to reflect the
change of canopy structure at different times of the grow-
ing season. The minimum values,Rac0(min), correspond
to leafless periods for deciduous forests and earlier grow-
ing periods for agricultural lands. The maximum values,
Rac0(max), correspond to the full-leaf period for forests and
the maturity period for agricultural lands. Here, a simple for-
mula is suggested for extractingRac0 values for any day of
the year based on minimum and maximumLAI values since
this information is available in most air-quality models:

Rac0(t) = Rac0(min)+
LAI (t)− LAI (min)

LAI (max)− LAI (min)
×

[Rac0(max)− Rac0(min)] (7a)

whereRac0(t) corresponds to theRac0 value at any day of
the year. LAI (min) andLAI (max) represents minimum
and maximumLAI values, respectively, during the year.

Wesely (1989) specified a constant in-canopy aero-
dynamic resistance for forest canopies and Erisman et
al. (1994b) suggested a formula as a function of canopy
height and friction velocity. In the present study, canopy
height is not included since its effect is implicitly included in
the friction velocity and, more importantly, in the reference
values ofRac0. As can be seen from Table 1,Rac0 is larger
for tall canopies than for short canopies and this is consistent
with Erisman et al. (1994b).
Rg: Ground resistance is considered separately for dif-

ferent surface types (water, ice, snow, soil). The following
equation is used according to Erisman et al. (1994b):

Rg =


Rwater
Rice
Rsnow
Rsoil

(8)

whereRwater , Rice, Rsnow andRsoil represent resistance to
water, ice, snow, and soil surfaces, respectively.Rsnow and
Rice are assumed to have the same values. For O3, Rwater ,
Rsnow andRice are given a value of 2000 s m−1. For SO2,
Rwater is given a value of 20 s m−1, while Rsnow andRice
are taken as a function of temperature with a lower limit of
100 s m−1 and an upper limit of 500 s m−1 (Erisman et al.,
1994b) as follows:

Rsnow, Rice(SO2)=70(2−T ) (8a)

Information onRsoil is limited for both O3 and SO2. Some
discussion on soil resistance for SO2, O3 and several NOy
species can be found in Erisman et al. (1994b). O3 uptake
by soils is probably controlled by soil organic material (en-
hancing the removal) and soil moisture (inhibiting uptake by
covering the reaction sites and reducing gas transfer). Based
on previous studies and a review of published measurements
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(Erisman et al., 1994b; Brook et al., 1999b; Wesely and
Hicks, 2000), a value of 200 s m−1 is given for O3 for all
vegetated surfaces (LUC 4-19, 25 and 26) and 500 s m−1 for
non-vegetated surfaces or surfaces with wet ground (LUC
20-24).Rsoil is more complicated for SO2 due to its sensitiv-
ity to wetness, dependence on soil pH and co-deposition with
NH3 (Erisman and Wyers, 1993; Erisman et al., 1994b). Soil
resistance to SO2 is usually smaller when the surface is wet,
and probably different for dew- and rain-wetted surfaces, due
to the different aqueous-phase chemistry involved with dew
and rain (Zhang et al., 2003). The following approach is sug-
gested forRsoil for SO2:

Rg =

RgdRgrain
Rgdew

(8b)

whereRgd represents the soil resistance over land surfaces
where no dew or rain has occurred,Rgrain andRgdew are the
resistances to soil when rain or dew has occured. Values of
50 and 100 s m−1 are assigned toRgrain andRgdew, respec-
tively. SuggestedRgd values for all LUCs are presented in
Table 1. For canopies with relatively high soil moisture con-
tent (e.g. tropical forest),Rgd is given a smaller value com-
pared to vegetation types with dry soils (e.g. desert). Note
that soil pH and moisture content are not explicitly consid-
ered in the present study.
Rcut : Canopy cuticle resistance is calculated for dry and

wet conditions separately according to Zhang et al. (2002b):

Rcutd =
Rcutd0

e0.03RHLAI1/4u∗

(9a)

Rcutw =
Rcutw0

LAI1/2u∗

(9b)

whereRH is relative humidity (in percentage).Rcutd0 and
Rcutw0 are reference values for dry and wet cuticle resis-
tance, respectively. Values ofRcutd0 andRcutw0 for O3 and
values ofRcutd0 for SO2 for each LUC are presented in Ta-
ble 1. Rcutw0 for SO2 is treated differently under dew and
rain conditions. For all vegetated surfaces, values of 50 s m−1

and 100 s m−1 are given forRcutw0 for rain and dew con-
ditions, respectively. Equations (9a) and (9b) were devel-
oped based on the 5-site flux data set for whichu∗ values
seldom exceeded 1.5 m s−1 for the two forest locations and
0.8 m s−1 for the other three sites (crops). It is expected that
these equations give reasonable values for most conditions,
but they may give unrealistically small values for SO2 when
u∗ is extremely large (e.g.u∗>2 m s−1). Thus, a lower limit
of 100 s m−1 is suggested for dry canopies and 20 s m−1 for
wet canopies for SO2. Note that Erisman et al. (1994a) first
proposed modelling cuticle resistance as a function ofRH

for SO2, and similar chemical species, over dry canopies.
In winter, when temperatures are below−1◦C, Rgd and

Rcutd are increased by as much as two times (with an upper

limit of 2 for the terme0.2(−1−T ) shown below) their origi-
nal value according to the formula (similar to Wesely, 1989;
Erisman et al., 1994b):

Rgd(T < −1◦C)=Rgde
0.2(−1−T ) (10a)

Rcutd(T < −1◦C)=Rcutde
0.2(−1−T ) (10b)

For snow on the ground and leaves, bothRg andRcut are
adjusted by including a snow cover fraction (fsnow):

1

Rg
=

1 − 2fsnow
Rg

+
2fsnow
Rsnow

(10c)

1

Rcut
=

1 − fsnow

Rcut
+
fsnow

Rsnow
(10d)

Since snow on ground persists longer than on leaves for high
canopies, the snow fraction for the ground (Rg) is taken as 2
times that of leaves (Rcut ). Note that bothfsnow and 2fsnow
have a range of values between 0.0–1.0. Though the snow
fraction might be available in some meteorological models,
it represents a grid-averaged value, which probably does not
represent the snow cover of canopy leaves and underlying
surfaces. Considering the limited knowledge at present stage,
we suggested a simple formula to estimatefsnow from snow
depth (sd in cm) similar to the approach used in climate mod-
els:

fsnow =
sd

sdmax
(10e)

wheresdmax is a parameter at or above which value the snow
fraction for canopy leaves is assumed to be 1. Suggested
sdmax values are also listed in Table 1 (Note that the actual
sdmax for underlying soil surfaces is only half of the values
presented in Table 1 as can be seen from the comparison of
Eqs. (10c) and (10d)).

3 Other parameters

LAI is an important parameter for calculating canopy resis-
tances.LAI values used in GEM are adopted here. Monthly
LAI values at the beginning of each month are presented in
Fig. 2.LAI values on any day are interpolated using the day
number of the month. Note that several LUCs that have con-
stantLAI values are not shown in Fig. 2. They are set to
5.0 (LUC 4), 6.0 (LUC 5, 8), 4.0 (LUC 9, 23), 3.0 (LUC 10,
12), 1.0 (LUC 13) and 0.0 (LUC 1-3, 22, 24).LAI values
for LUC 21 (urban) are set to a constant value of 1 in GEM.
SinceLAI values for urban locations in different regions can
have quite different seasonal variations, we chose to assign a
value of 0.1 in the winter season, gradually increasing to 1
in the late spring. We keep it as 1 until early fall, and then
reduce it gradually to 0.1 again at the end of fall (figure not
shown).
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Figure 2: Leaf area index in the Northern Hemisphere.
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Fig. 2. Leaf area index in the Northern Hemisphere.

Roughness length (z0) is needed for calculating friction
velocity, which subsequently affects aerodynamic, quasi-
laminar and non-stomatal resistances.z0 from GEM can-
not be used directly since it is treated together with topog-
raphy. Dorman and Sellers (1989) presented monthlyz0 for
many different land types. Panofsky and Dutton (1984) and
Pielke (1984) also reviewed typicalz0 values for different
land types. Based on these studies,z0 values for each LUC
are suggested and presented in Table 1. For water surfaces
(LUC 1 and 3),z0 is calculated as a function of wind speed
or friction velocity (e.g. Hicks and Liss, 1976). For some
surfaces a constantz0 value is suggested, while for others a
range ofz0 values is given. For those surfaces that have vari-
ablez0 values, a formula similar to Eq. (7a) is used to obtain
z0 for any time period based onLAI values:

z0(t) = z0(min)+
LAI (t)− LAI (min)

LAI (max)− LAI (min)
×

[z0(max)− z0(min)] (11)

4 Model evaluation and example output

4.1 Comparison with measurements

The major improvement of the present model is in the
non-stomatal resistance parameterization, especially for wet
canopies. Thus, we chose the measurements of O3 and
SO2 dry deposition data at the Kane site (deciduous forest
in Pennsylvania, lat: 41.595◦ N, long: 78.766◦ W, USA; 29
April to 23 October 1997; Finkelstein et al., 2000). This is
the only site that has a sufficiently large data set for O3 and
SO2 under wet canopy conditions to allow a thorough test
of the performance of the revised model. Measured meteo-
rological data (u∗, stability, solar radiation and wetness) and
biological (LAI ) information are used in calculating dry de-
position velocities. To show the improvements of the present
model compared to its earlier version (Zhang et al., 2002a),

results from both model versions for the mean diurnal cycle
of half-hourlyVd over wet canopies, along with the obser-
vations, are presented in Figs. 3b and d. For dry canopies,
only results from the present model are shown in Figs. 3a
and c since the differences between the present and the previ-
ous model diurnal average results are small because the same
stomatal resistance sub-model is used in both models.

The suitability of the present model can be seen from the
agreement of modelled O3 and SO2 deposition velocity com-
pared to the observations for both dry and wet canopies and
the improved results compared to its previous version for wet
canopies. It should be pointed out that the previous version
already considered, to some extent, dew and rain effects on
cuticle uptake based on the knowledge at the time the model
was developed. For example, a constant cuticle resistance
of 400 s m−1 and 800 s m−1 was used for O3 under rain and
dew conditions, respectively, and 100 s m−1 and 200 s m−1

for SO2 under rain and dew conditions, respectively (Zhang
et al., 2002a). However, this model did not agree well with
observations (Figs. 3c and d). It overpredictes O3 Vd during
nighttime and underestimates O3 Vd during the day. The new
version captures the higher daily values and also maintains
the lower nighttimeVd values. The previous version seems
to predict reasonable SO2 Vd during the night, but underes-
timates SO2 Vd during the day. It can be expected that other
models, which do not adequately treat dew and rain, will ex-
hibit even less diurnal variations than the results shown here.

Sensitivity tests show that the aerodynamic resistance
alone can only explain a small portion of observed diur-
nal variations over wet canopies, i.e. 20–40% for O3, 20–
50% for SO2, depending on the magnitude of the cuticle
and soil resistances (non-stomatal resistance). The larger
the non-stomatal resistance, the smaller the diurnal varia-
tion caused by aerodynamic resistance variation. Figure 3b,
which shows daytime wet canopy conditions, assuming that
stomatal uptake is not important for wet canopies in light of
stomata blocking by water drops and the presence of very
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Figure 3: Average diurnal cycle deposition velocity (cm s-1) from observations (open
circle), current model (filled circle), previous model (triangle) and from an assumption of
constant cuticle resistance for wet canopies (‘x’ symbol).
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Fig. 3. Average diurnal cycle deposition velocity (cm s−1) 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 value
of 400 s m−1 for non-stomatal resistance for O3 results in a
good estimation for nighttime O3 Vd (∼0.2 cm s−1). Then
the model predicts aVd value of 0.45 cm s−1 in the early af-
ternoon, which is much smaller than observed value at that
time (0.8∼1.0 cm s−1) (Note that the stomatal resistances
are the same for all tests). This demonstrates that aero-
dynamic resistance alone cannot explain the observed diur-
nal variations. Thus earlier models fail to predict the cor-
rect diurnal cycle when cuticle uptake is not treated as a
function of meteorological conditions. Similar conclusions
can be drawn for SO2 except that the aerodynamic resis-
tance can cause slightly larger diurnal variations compared
to O3 because of the very small non-stomatal resistance used
for SO2 over wet canopies. For example (Fig. 3d), a con-
stant non-stomatal resistance of 80 s m−1 produces reason-
able nighttime SO2 Vd (0.5–0.8 cm s−1 compared to obser-
vations 0.4–0.8 cm s−1). The highest daytime SO2 Vd value
predicted is 1.2 cm s−1 (note that the inverse of 80 s m−1 is
around 1.2 cm s−1), which is still smaller than observed val-
ues (>2 cm s−1). Only when meteorological influences are

explicitly included in the non-stomatal resistance (i.e. the
present model), can the observed SO2 Vd values be repro-
duced.

As mentioned above, the conclusions are based on the
assumption that stomatal uptake is not important for wet
canopies in light of stomata blocking by water drops and the
presence of very weak solar radiation, which controls stom-
ata opening. This assumption is consistent with limited ear-
lier studies (e.g. Fuentes et al., 1992; Grantz et al., 1995).
Ultimately, this assumption is best verified using CO2 and
H2O flux data over wet canopies. However, CO2 and H2O
flux data at this site and the other sites we have used previ-
ously are not available. Thus further studies are still needed
to verify this assumption.

4.2 Modelled maximumVd values for dry and wet canopies

Based upon the model structure described above we expect
model results to be sensitive to several of the input param-
eters, namelyLAI , z0, u∗, SR, T and RH . These pa-
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 s−1) 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 SO2 H2SO4 NO2 O3 H2O2 HNO3 HONO HNO4 NH3 PAN PPN APAN MPAN HCHO MCHO PALD

1 2.1, 2.1 2.0, 2.0 0.0, 0.0 0.1, 0.1 2.1, 2.1 2.6, 2.6 2.7, 2.7 2.6, 2.6 2.2, 2.2 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 1.9, 1.9 0.0, 0.0 0.0, 0.0
2 0.8, 0.8 0.8, 0.8 0.0, 0.0 0.1, 0.1 0.9, 0.9 3.0, 3.0 1.4, 1.4 2.3, 2.3 0.8, 0.8 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.7, 0.7 0.0, 0.0 0.0, 0.0
3 2.1, 2.1 2.0, 2.0 0.0, 0.0 0.1, 0.1 2.1, 2.1 2.6, 2.6 2.7, 2.7 2.6, 2.6 2.2, 2.2 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 1.9, 1.9 0.0, 0.0 0.0, 0.0
4 1.5, 3.8 2.0, 4.1 1.2, 1.5 1.3, 1.7 2.2, 4.4 5.1, 5.1 3.1, 5.2 4.8, 5.0 1.9, 4.1 0.9, 1.1 0.9, 1.1 0.9, 1.3 0.6, 0.7 1.7, 3.6 0.4, 0.3 0.4, 0.3
5 1.7, 3.9 2.0, 4.1 1.2, 1.3 1.3, 1.4 2.2, 4.4 5.3, 5.3 3.1, 5.4 4.8, 5.3 2.1, 4.2 0.9, 0.9 0.9, 0.9 0.9, 1.1 0.7, 0.6 1.8, 3.7 0.5, 0.4 0.4, 0.3
6 1.5, 3.8 2.0, 4.1 1.2, 1.5 1.3, 1.7 2.2, 4.4 5.1, 5.1 3.1, 5.2 4.8, 5.0 1.9, 4.1 0.9, 1.1 0.9, 1.1 0.9, 1.3 0.6, 0.7 1.7, 3.6 0.4, 0.3 0.4, 0.3
7 1.5, 3.7 1.8, 3.8 1.2, 1.1 1.2, 1.2 2.0, 4.1 5.1, 5.1 2.8, 5.2 4.3, 5.0 2.0, 4.0 0.8, 0.8 0.8, 0.8 0.9, 0.9 0.6, 0.5 1.7, 3.5 0.5, 0.3 0.4, 0.3
8 1.7, 3.8 2.0, 4.1 1.2, 1.3 1.3, 1.4 2.2, 4.4 5.3, 5.3 3.1, 5.4 4.8, 5.3 2.1, 4.2 0.9, 0.9 0.9, 0.9 0.9, 1.1 0.6, 0.6 1.8, 3.6 0.5, 0.4 0.4, 0.3
9 0.9, 3.6 1.2, 3.8 0.8, 0.9 0.9, 1.1 1.3, 4.0 4.3, 5.0 1.9, 5.1 3.0, 4.9 1.1, 3.9 0.6, 0.7 0.6, 0.7 0.6, 0.8 0.4, 0.4 1.0, 3.4 0.3, 0.3 0.3, 0.2
10 1.2, 2.3 1.4, 2.3 0.9, 0.8 1.0, 0.9 1.6, 2.5 3.7, 3.7 2.0, 3.3 2.8, 3.6 1.6, 2.5 0.7, 0.6 0.7, 0.6 0.7, 0.7 0.5, 0.4 1.3, 2.2 0.4, 0.3 0.4, 0.3
11 1.3, 2.3 1.4, 2.4 1.0, 0.9 1.1, 1.0 1.7, 2.6 3.7, 3.7 2.1, 3.4 2.9, 3.6 1.7, 2.5 0.8, 0.7 0.7, 0.7 0.8, 0.8 0.6, 0.5 1.4, 2.2 0.4, 0.3 0.4, 0.3
12 1.1, 2.3 1.4, 2.4 0.8, 0.8 0.9, 0.9 1.5, 2.6 3.7, 3.7 2.0, 3.4 2.9, 3.6 1.3, 2.5 0.6, 0.6 0.6, 0.6 0.6, 0.7 0.4, 0.4 1.2, 2.2 0.3, 0.2 0.3, 0.2
13 1.3, 1.9 1.5, 2.0 0.8, 0.8 0.8, 0.9 1.6, 2.1 3.3, 3.3 2.2, 2.8 3.0, 3.2 1.4, 2.0 0.6, 0.6 0.6, 0.6 0.6, 0.7 0.4, 0.4 1.3, 1.8 0.3, 0.2 0.3, 0.2
14 1.6, 2.2 1.8, 2.3 1.3, 1.3 1.4, 1.3 2.1, 2.6 3.5, 3.5 2.5, 3.2 3.2, 3.4 2.1, 2.6 1.0, 0.9 0.9, 0.9 0.9, 1.0 0.8, 0.7 1.8, 2.3 0.5, 0.5 0.5, 0.4
15 1.6, 2.5 1.8, 2.6 1.3, 1.3 1.4, 1.4 2.0, 2.8 3.5, 3.5 2.5, 3.5 3.2, 3.4 2.1, 2.8 1.0, 0.9 0.9, 0.9 1.0, 1.0 0.8, 0.7 1.8, 2.5 0.5, 0.4 0.5, 0.4
16 1.8, 2.6 1.9, 2.8 1.4, 1.4 1.5, 1.5 2.2, 3.0 3.5, 3.5 2.6, 3.6 3.3, 3.4 2.3, 3.0 1.0, 1.0 1.0, 1.0 1.0, 1.1 0.8, 0.7 2.0, 2.6 0.6, 0.4 0.5, 0.4
17 1.5, 2.5 1.7, 2.7 1.3, 1.3 1.4, 1.4 2.0, 2.9 3.5, 3.5 2.4, 3.6 3.1, 3.4 2.0, 2.8 1.0, 1.0 0.9, 0.9 1.0, 1.1 0.8, 0.7 1.7, 2.5 0.5, 0.4 0.5, 0.4
18 1.1, 2.3 1.3, 2.4 0.8, 0.8 0.9, 0.9 1.5, 2.6 3.5, 3.5 2.0, 3.3 2.8, 3.4 1.4, 2.5 0.6, 0.6 0.6, 0.6 0.6, 0.7 0.4, 0.4 1.2, 2.2 0.3, 0.2 0.3, 0.2
19 1.4, 2.6 1.6, 2.7 1.1, 1.0 1.2, 1.1 1.8, 2.9 3.7, 3.7 2.3, 3.7 3.1, 3.6 1.8, 2.9 0.8, 0.8 0.8, 0.8 0.8, 0.9 0.6, 0.5 1.5, 2.5 0.5, 0.3 0.4, 0.3
20 1.5, 1.9 1.6, 2.0 0.6, 0.6 0.7, 0.7 1.7, 2.2 3.3, 3.3 2.2, 2.8 2.8, 3.3 1.6, 2.1 0.5, 0.5 0.4, 0.5 0.5, 0.5 0.3, 0.3 1.5, 1.8 0.3, 0.2 0.3, 0.2
21 0.8, 2.8 1.1, 2.9 0.6, 0.5 0.6, 0.6 1.2, 3.1 4.7, 5.1 1.9, 4.4 3.3, 5.0 1.0, 3.0 0.4, 0.4 0.4, 0.4 0.5, 0.5 0.3, 0.2 0.9, 2.6 0.2, 0.2 0.2, 0.2
22 0.9, 2.3 1.1, 2.3 0.4, 0.5 0.4, 0.5 1.1, 2.5 3.2, 3.2 1.7, 3.2 2.7, 3.2 0.9, 2.4 0.3, 0.3 0.3, 0.3 0.3, 0.4 0.2, 0.2 0.8, 2.1 0.1, 0.2 0.1, 0.1
23 1.8, 2.5 1.9, 2.6 1.0, 0.9 1.0, 1.0 2.1, 2.8 3.5, 3.5 2.6, 3.5 3.3, 3.4 2.2, 2.8 0.7, 0.7 0.7, 0.7 0.7, 0.7 0.6, 0.5 1.9, 2.5 0.4, 0.3 0.4, 0.3
24 0.2, 1.4 0.3, 1.5 0.2, 0.2 0.2, 0.2 0.3, 1.5 2.0, 3.3 0.6, 2.3 1.3, 3.2 0.1, 1.5 0.1, 0.1 0.1, 0.1 0.2, 0.2 0.1, 0.1 0.2, 1.3 0.0, 0.0 0.0, 0.0
25 1.7, 3.8 2.0, 4.2 1.4, 1.6 1.5, 1.8 2.3, 4.5 5.1, 5.1 3.2, 5.2 4.7, 5.0 2.2, 4.2 1.0, 1.2 1.0, 1.2 1.1, 1.4 0.8, 0.8 1.9, 3.7 0.5, 0.4 0.5, 0.4
26 1.7, 3.8 2.0, 4.2 1.4, 1.6 1.5, 1.8 2.3, 4.5 5.1, 5.1 3.2, 5.2 4.7, 5.0 2.1, 4.2 1.0, 1.2 1.0, 1.2 1.1, 1.4 0.8, 0.7 1.9, 3.7 0.5, 0.4 0.5, 0.4

C4A C7A ACHO MVK MACR MGLY MOH ETOH POH CRES FORM ACAC ROOH ONIT INIT

1 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.1, 0.1 1.7, 1.7 1.6, 1.6 1.3, 1.3 0.1, 0.1 2.7, 2.7 2.4, 2.4 0.5, 0.5 0.0, 0.0 0.0, 0.0
2 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.5, 0.5 0.5, 0.5 0.4, 0.4 0.0, 0.0 1.4, 1.4 1.1, 1.1 0.1, 0.1 0.0, 0.0 0.0, 0.0
3 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.1, 0.1 1.7, 1.7 1.6, 1.6 1.3, 1.3 0.1, 0.1 2.7, 2.7 2.4, 2.4 0.5, 0.5 0.0, 0.0 0.0, 0.0
4 0.4, 0.3 0.3, 0.2 0.3, 0.3 0.5, 0.3 0.4, 0.3 0.5, 0.3 1.4, 3.0 1.3, 2.8 1.0, 2.2 0.4, 0.3 2.4, 5.2 2.0, 4.7 1.3, 1.9 0.7, 1.0 0.7, 0.9
5 0.4, 0.3 0.3, 0.3 0.4, 0.3 0.6, 0.4 0.4, 0.3 0.6, 0.4 1.6, 3.0 1.4, 2.9 1.1, 2.2 0.5, 0.4 2.5, 5.4 2.1, 4.8 1.3, 1.7 0.7, 0.8 0.7, 0.8
6 0.4, 0.3 0.3, 0.2 0.3, 0.3 0.5, 0.3 0.4, 0.3 0.5, 0.3 1.4, 3.0 1.3, 2.8 1.0, 2.2 0.4, 0.3 2.4, 5.2 2.0, 4.7 1.3, 1.9 0.7, 1.0 0.7, 0.9
7 0.4, 0.3 0.4, 0.3 0.4, 0.3 0.7, 0.4 0.4, 0.3 0.6, 0.4 1.5, 2.9 1.3, 2.8 1.1, 2.1 0.5, 0.4 2.3, 5.2 1.9, 4.6 1.2, 1.5 0.7, 0.7 0.6, 0.6
8 0.4, 0.3 0.3, 0.3 0.4, 0.3 0.6, 0.4 0.4, 0.3 0.6, 0.4 1.6, 3.0 1.4, 2.9 1.1, 2.2 0.5, 0.4 2.5, 5.4 2.1, 4.8 1.3, 1.7 0.7, 0.8 0.7, 0.8
9 0.3, 0.2 0.2, 0.2 0.2, 0.2 0.3, 0.3 0.3, 0.2 0.3, 0.3 0.8, 2.8 0.7, 2.7 0.6, 2.1 0.3, 0.2 1.3, 5.1 1.1, 4.5 0.8, 1.4 0.5, 0.6 0.5, 0.6
10 0.4, 0.3 0.3, 0.2 0.3, 0.2 0.5, 0.3 0.4, 0.3 0.5, 0.3 1.2, 1.9 1.1, 1.8 0.9, 1.4 0.4, 0.3 1.8, 3.2 1.5, 2.8 1.0, 1.1 0.6, 0.5 0.5, 0.5
11 0.4, 0.3 0.3, 0.3 0.4, 0.3 0.6, 0.4 0.4, 0.3 0.6, 0.4 1.3, 1.9 1.1, 1.8 0.9, 1.5 0.5, 0.3 1.8, 3.2 1.5, 2.8 1.1, 1.2 0.6, 0.6 0.6, 0.6
12 0.3, 0.2 0.2, 0.2 0.3, 0.2 0.3, 0.2 0.3, 0.2 0.3, 0.2 1.0, 1.9 0.9, 1.8 0.7, 1.4 0.3, 0.2 1.7, 3.2 1.4, 2.8 0.9, 1.1 0.5, 0.5 0.5, 0.5
13 0.2, 0.2 0.2, 0.2 0.2, 0.2 0.3, 0.2 0.2, 0.2 0.3, 0.2 1.0, 1.5 1.0, 1.5 0.7, 1.1 0.2, 0.2 1.9, 2.5 1.6, 2.2 0.8, 1.0 0.5, 0.5 0.5, 0.5
14 0.5, 0.4 0.4, 0.4 0.4, 0.4 0.8, 0.7 0.5, 0.4 0.8, 0.6 1.6, 2.0 1.5, 1.9 1.2, 1.5 0.7, 0.6 2.2, 3.0 1.9, 2.6 1.4, 1.4 0.7, 0.8 0.7, 0.7
15 0.5, 0.4 0.4, 0.3 0.4, 0.3 0.8, 0.6 0.5, 0.4 0.8, 0.6 1.6, 2.2 1.4, 2.0 1.2, 1.6 0.7, 0.5 2.2, 3.3 1.9, 2.9 1.4, 1.5 0.7, 0.8 0.7, 0.8
16 0.5, 0.4 0.4, 0.4 0.5, 0.4 0.9, 0.6 0.5, 0.4 0.9, 0.6 1.8, 2.3 1.7, 2.2 1.5, 1.8 0.8, 0.5 2.4, 3.5 2.1, 3.1 1.5, 1.6 0.8, 0.9 0.7, 0.8
17 0.5, 0.4 0.4, 0.3 0.4, 0.3 0.8, 0.6 0.5, 0.4 0.8, 0.5 1.5, 2.2 1.4, 2.1 1.2, 1.7 0.7, 0.5 2.0, 3.4 1.8, 3.0 1.4, 1.5 0.7, 0.8 0.7, 0.8
18 0.3, 0.2 0.2, 0.2 0.3, 0.2 0.4, 0.3 0.3, 0.2 0.3, 0.3 1.0, 1.9 0.9, 1.8 0.7, 1.4 0.3, 0.2 1.7, 3.2 1.4, 2.8 0.9, 1.1 0.5, 0.6 0.5, 0.5
19 0.4, 0.3 0.4, 0.3 0.4, 0.3 0.7, 0.4 0.4, 0.3 0.6, 0.4 1.4, 2.2 1.2, 2.1 1.0, 1.7 0.5, 0.4 2.0, 3.5 1.7, 3.1 1.2, 1.3 0.7, 0.7 0.6, 0.6
20 0.2, 0.2 0.2, 0.2 0.2, 0.2 0.3, 0.2 0.2, 0.2 0.3, 0.2 1.3, 1.6 1.2, 1.5 0.9, 1.2 0.3, 0.2 2.0, 2.6 1.7, 2.3 0.8, 0.9 0.4, 0.4 0.4, 0.4
21 0.2, 0.1 0.2, 0.1 0.2, 0.1 0.2, 0.2 0.2, 0.1 0.2, 0.2 0.7, 2.1 0.6, 2.0 0.5, 1.5 0.2, 0.2 1.4, 4.2 1.1, 3.5 0.6, 0.9 0.4, 0.3 0.3, 0.3
22 0.1, 0.1 0.1, 0.1 0.1, 0.1 0.1, 0.1 0.1, 0.1 0.1, 0.2 0.7, 1.8 0.6, 1.7 0.4, 1.3 0.1, 0.1 1.4, 3.1 1.1, 2.7 0.5, 0.8 0.3, 0.3 0.2, 0.3
23 0.4, 0.3 0.3, 0.3 0.4, 0.3 0.6, 0.4 0.4, 0.3 0.6, 0.4 1.7, 2.1 1.6, 2.0 1.3, 1.6 0.6, 0.4 2.4, 3.3 2.1, 3.0 1.2, 1.2 0.6, 0.6 0.5, 0.5
24 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.1, 1.0 0.1, 1.0 0.1, 0.7 0.0, 0.0 0.3, 2.2 0.2, 1.9 0.2, 0.3 0.1, 0.1 0.1, 0.1
25 0.4, 0.3 0.4, 0.3 0.4, 0.3 0.7, 0.5 0.4, 0.3 0.7, 0.4 1.6, 3.1 1.4, 2.9 1.2, 2.2 0.6, 0.4 2.5, 5.2 2.1, 4.7 1.5, 2.0 0.8, 1.0 0.8, 1.0
26 0.4, 0.3 0.4, 0.3 0.4, 0.3 0.7, 0.5 0.4, 0.3 0.7, 0.4 1.6, 3.1 1.4, 2.9 1.1, 2.2 0.6, 0.4 2.5, 5.2 2.0, 4.7 1.5, 2.0 0.8, 1.0 0.8, 1.0
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geographic variations. Due to these large variations, it is dif-
ficult to provide typicalVd values from the model. We there-
fore ran the model for a wide, but realistic range of input
values for these parameters, and estimated the typical range
of Vd values and compared them with published measure-
ments. Here we present the results for each LUC under dry
and wet canopy conditions assuming a reference height for
theVd calculation of 20 m. The range ofu∗ values used de-
pended upon the LUCs with the two roughest surfaces, ever-
green and tropical broadleaf forests (LUC 5 and 8), being
assigned values within the range of 0.1–1.5 m s−1; forests
and urban areas, a range of 0.1–1.2 m s−1; and the remain-
ing surfaces, a range of 0.1—0.8 m s−1. These values were
taken from available observation data (Meyers et al., 1998;
Finkelstein et al., 2000). Surface temperature was allowed
to vary between−10 and 30◦C, solar radiation from 0 to
800 W m−2 and relative humidity from 50–90%. All possi-
ble contributions ofu∗, T , SR andRH were input separately
into the model (using small increments for all variables: 0.1
for u∗, 1◦C for T , 50 W m−2 for SR and 5% forRH ) to
calculate the range ofVd values possible for each LUC. In
addition, calculations were done for the first day of every
month so that the seasonal variation ofLAI was accounted
for. Since, realistically, some of the test conditions would
be highly unlikely (e.g. high temperatures and large solar
radiation over tundra), the allowed ranges were adjusted so
that 5◦C is the minimum temperature for tropical forests and
20◦C and 500 W m−2 are the maximum values for tundra.
We expect that the maximumVd values (Table 2) extracted
from these model test runs will be representative of the real-
world typical maximumVd , excluding some extreme condi-
tions (e.g.∼1% largest values ever observed), for most land
types under dry and wet conditions.

The maximum calculatedVd values for dry forest canopies
and agricultural lands range around 0.9–1.7 cm s−1 for SO2,
0.6–1.5 cm s−1 for O3 and 3.3–5.3 cm s−1 for HNO3. NO2
Vd follows the pattern of O3 Vd but with slightly smaller val-
ues (α=0, β=0.8). H2O2 Vd is higher than both SO2 and
O3 during both day and night (α=1, β=1). HNO3 has the
highestVd among all the chemical species considered here
due to its high solubility and reactivity (α=10, β=10). The
Vd of PAN mimics the pattern of O3 (α=0, β=0.6) but is
always smaller while theVd of HCHO follows the pattern
of SO2 (α=0.8,β=0.2). NH3 is similar to SO2 (α=1, β=0),
but slightly higher during the day due to its higher molecu-
lar diffusivity (Note that bi-directional exchange for NH3 is
not treated in the present study). TheVd of ROOH is sim-
ilar to the values for O3 (α=0.1,β=0.8). TheVd of H2SO4
and HNO2 follows the pattern of HNO3 but is smaller. Min-
imum Vd values (not presented in Table 2) for most chemi-
cal species are around 0.01–0.05 cm s−1 for most LUCs. It
could be even smaller ifu∗ were given smaller values (e.g.
<0.1 s m−1).

Maximum SO2 (and other similar species)Vd values for
wet canopies are much larger than for dry canopies due to

SO2 solubility and reactivity. The increases are usually larger
for canopies with largerLAI . Maximum O3 (and other simi-
lar species)Vd values for wet canopies are very close to those
for dry canopies, due to the two contradictory factors, the in-
crease in cuticle uptake and the decrease in stomatal blocking
(Zhang et al., 2002b).

As mentioned above, values in Table 2 do not cover the
extreme conditions. Ifu∗ is larger than values used above,
Vd values can be larger than those presented in Table 2. For
example, if a value of 1.5 m s−1 instead of 1.2 m s−1 was
used foru∗ over deciduous forests (LUC 6 and 7), maxi-
mum O3 Vd values would be 2.0 cm s−1 and 1.4 cm s−1 for
LUC 6 and 7, respectively. The largeru∗ values are possible
considering the large roughness length of forests. For exam-
ple, of 2722 availableu∗ measurement samples at Kane site
(deciduous forest) discussed in Sect. 4.1, 31 (∼1% of total
samples) have values larger than 1.2 m s−1 and 6 have val-
ues larger than 1.5 m s−1. Measured O3 Vd for the same site
has 5% larger than 1.2 cm s−1 and 1% larger than 1.5 cm s−1.
It seems that the model can predict large enough O3 Vd for
needleleaf forests, even for extreme conditions compared to
measurements (∼2 cm s−1). The model fails to predict ex-
treme O3 Vd for broadleaf forests (including tropical for-
est), unless even largeru∗ values are used. This is caused
by too large values chosen for two input parameters (Rcutd0
andRcutw0), which seems to work well if extreme conditions
(∼1%) are excluded. As discussed in Zhang et al. (2002), the
model was developed using measurements that exclude (1 to
3%) extreme conditions.

Zhang et al. (2002a) reviewed and discussed all published
measurements for all species of interest. Most flux measure-
ments of SO2, O3, NO2, NH3 and HNO3 support the results
generated from the present model. The very limited set of
measurements for PAN, HCHO, H2O2 and ROOH also agree
well with model results. As indicated earlier, there are no
data for the other species and thus Table 2 provides only a
first-order estimation of their deposition rates, which cannot
be validated at present stage.

4.3 Modelled typicalVd values under different dry and wet
conditions

To attempt to provide an indication of the typicalVd values
(instead of the maximum range as shown in Table 2) and to
demonstrate the effect of day vs. night, wet vs. dry and
snow conditions, we ran the model again using typical val-
ues for the input parameters. Table 3 lists theu∗ values used
for different LUCs for several typical conditions. Note that
u∗ for dry and rainy summer days was given the same set
of values, as for dry and rainy summer night, whileu∗ for
dewy summer nights was assumed smaller values. Typically
LUC 5 (evergreen broadleaf trees) and 8 (tropical broadleaf
trees) can expect to have the largestu∗ values reflecting
their large roughness; conversely, smooth surfaces (ice, wa-
ter, tundra) have the smallestu∗ 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
dry or rain dry or rain 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: 20◦C (T ),
75% (RH ) and 600 Wm−2 (SR) for dry summer day; 20◦C
(T ) and 200 Wm−2 (SR) for rain summer day; 10◦C (T ) and
75% (RH ) for dry summer night; and−2◦C (T ) and 20 cm
(SD) for snow-covered conditions (note that for ice surfaces,
the temperature is given a value of−2◦C for all the tests).
Only 5 chemical species are presented here (Table 4) as ex-
amples. Results for other species can be obtained by com-
paring their two scaling parameters (α andβ in Zhang et al.,
2002a) and by comparing their maximumVd values in Ta-
ble 2 with those of the 5 species shown.

For SO2 and O3, Vd is found to typically be around 0.6–
0.9 cm s−1 for a summer day for most vegetated surfaces
with dry canopy conditions. As expected,Vd is larger over
canopies with largerLAI (e.g. forests) and smallerrsmin
(e.g. crops LUCs 15-17). Stomatal resistance is the domi-
nant term during dry daytime conditions. When canopies are
wet due to rain, SO2 Vd increases substantially for vegetated
surfaces due to increased cuticle uptake. During nighttime
over dry canopies, SO2 Vd is around 0.2–0.4 cm s−1, and O3
Vd is 0.1–0.3 cm s−1. Vd of SO2 is larger than that of O3
due to the smaller cuticle and soil resistances assigned to
SO2. During nighttime over wet canopies caused by rain,

Vd of O3 is slightly larger compared to dry nighttime con-
ditions, whileVd of SO2 is substantially larger. The main
result is that when canopies are wetted by dew, both SO2 and
O3 have slightly largerVd values compared to dry nighttime
conditions assumingu∗ values are the same. However, since
u∗ under dew conditions is usually smaller than under dry
and rainy conditions (as was found in Zhang et al., 2003),
Vd values under dew conditions are not necessarily larger
than under dry conditions, as shown in Table 4. In winter
when there is snow, SO2 Vd is around 0.4 cm s−1. However,
it can be close to 1 cm s−1 over snow surfaces if the tem-
perature is higher than 1◦C (see Eq. 8a). O3 Vd is less than
0.1 cm s−1 if the surfaces are fully covered by snow, but can
be higher than 0.2 if the surfaces are partially covered by
snow (e.g. forest canopies). It is well known that surface re-
sistance (Rc) for HNO3 is very small (i.e.<20 s m−1). Thus,
aerodynamic resistance (Ra) usually dominates the rate of
HNO3 dry deposition. However,Rc of HNO3 can be sub-
stantially larger (e.g.>100 s m−1) under very dry conditions
(e.g. RH<20%, Tarnay et al., 2002). Many models spec-
ify a lower limit for Rc of HNO3 (e.g. 10 s m−1 in Wesely,
1989 and Brook et al., 1999a). In the present study, we do
not set a lower limit, but calculateRc for HNO3 using two
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Table 4. Predicted dry deposition velocity (cm s−1) for chemical species SO2, HCHO, O3, PAN and HNO3 under 6 typical conditions: dry
summer day, rain summer day, dry summer night, dew summer night, rain summer night and winter day with snow.

LUC SO2 HCHO O3 PAN HNO3

Dry Rain Dry Dew Rain Snow Dry Rain Dry Dew Rain Snow Dry Rain Dry Dew Rain Snow Dry Rain Dry Dew Rain Snow Dry Rain Dry Dew Rain Snow
Day Day Night 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

1 0.92 0.92 0.71 0.53 0.71 0.89 0.91 0.91 0.71 0.54 0.71 0.88 0.05 0.05 0.05 0.05 0.05 0.05 0.03 0.03 0.03 0.03 0.03 0.03 1.01 1.01 0.76 0.56 0.76 0.97
2 0.55 0.55 0.39 0.36 0.39 0.55 0.5 0.5 0.37 0.35 0.37 0.5 0.05 0.05 0.05 0.05 0.05 0.05 0.03 0.03 0.03 0.03 0.03 0.03 1.1 1.1 0.61 0.54 0.61 1.08
3 0.79 0.79 0.58 0.53 0.58 0.76 0.79 0.79 0.59 0.54 0.59 0.76 0.05 0.05 0.05 0.05 0.05 0.05 0.03 0.03 0.03 0.03 0.03 0.03 0.86 0.86 0.62 0.56 0.62 0.82
4 0.84 1.94 0.24 0.35 0.87 0.36 0.95 1.88 0.22 0.34 0.82 0.35 0.73 0.91 0.15 0.21 0.34 0.23 0.51 0.62 0.11 0.14 0.23 0.17 2.97 3.39 1.35 1.17 1.88 1.96
5 0.88 2.47 0.22 0.38 1.12 0.29 1.01 2.36 0.2 0.35 1.03 0.26 0.74 0.79 0.11 0.12 0.23 0.15 0.51 0.53 0.08 0.08 0.15 0.11 3.34 4.07 1.53 1.31 2.39 2.03
6 0.84 1.94 0.24 0.35 0.87 0.33 0.94 1.88 0.22 0.33 0.81 0.32 0.73 0.91 0.15 0.21 0.33 0.25 0.51 0.62 0.11 0.14 0.22 0.17 2.96 3.39 1.35 1.17 1.88 1.35
7 0.8 1.92 0.18 0.35 0.86 0.27 0.93 1.84 0.16 0.31 0.79 0.26 0.71 0.66 0.09 0.11 0.18 0.2 0.49 0.45 0.06 0.07 0.12 0.14 2.66 3.42 1.2 1.14 1.91 1.15
8 0.87 2.5 0.22 0.39 1.14 0.28 1 2.38 0.2 0.35 1.04 0.26 0.73 0.78 0.11 0.12 0.22 0.14 0.51 0.52 0.07 0.08 0.15 0.1 3.41 4.18 1.56 1.36 2.48 2.06
9 0.48 1.77 0.11 0.32 0.8 0.19 0.57 1.68 0.11 0.29 0.73 0.19 0.51 0.59 0.1 0.12 0.19 0.15 0.36 0.41 0.08 0.08 0.13 0.12 1.79 3.25 0.79 1.04 1.78 1.21
10 0.63 1.1 0.3 0.29 0.46 0.28 0.73 1.08 0.27 0.27 0.42 0.25 0.57 0.5 0.12 0.12 0.12 0.1 0.41 0.36 0.09 0.09 0.09 0.07 1.62 2.15 0.96 0.88 1.06 1.2
11 0.71 1.12 0.3 0.29 0.46 0.35 0.84 1.12 0.27 0.27 0.42 0.32 0.68 0.6 0.14 0.14 0.14 0.15 0.49 0.43 0.1 0.1 0.1 0.09 1.67 2.15 0.97 0.89 1.06 1.08
12 0.57 1.09 0.31 0.3 0.47 0.3 0.63 1.06 0.29 0.28 0.44 0.27 0.5 0.5 0.16 0.16 0.16 0.12 0.36 0.35 0.12 0.12 0.12 0.08 1.64 2.15 0.97 0.89 1.07 1.22
13 0.64 0.9 0.27 0.26 0.37 0.42 0.66 0.89 0.26 0.25 0.35 0.38 0.5 0.51 0.2 0.19 0.2 0.09 0.36 0.36 0.15 0.15 0.15 0.06 1.62 1.85 0.76 0.7 0.84 1.22
14 0.74 0.97 0.27 0.26 0.37 0.45 0.81 0.99 0.26 0.25 0.35 0.4 0.63 0.63 0.2 0.19 0.2 0.09 0.46 0.45 0.15 0.15 0.15 0.06 1.65 1.87 0.77 0.7 0.85 1.18
15 0.8 1.12 0.31 0.3 0.45 0.46 0.91 1.14 0.3 0.29 0.43 0.41 0.75 0.71 0.21 0.2 0.21 0.09 0.55 0.51 0.15 0.15 0.15 0.06 1.7 1.96 0.9 0.82 0.97 1.2
16 0.89 1.19 0.33 0.32 0.48 0.46 1.01 1.21 0.32 0.31 0.46 0.41 0.8 0.76 0.22 0.22 0.22 0.09 0.59 0.55 0.16 0.16 0.16 0.06 1.73 1.95 0.91 0.83 0.97 1.2
17 0.79 1.18 0.33 0.32 0.49 0.46 0.93 1.2 0.32 0.31 0.46 0.41 0.78 0.74 0.22 0.21 0.22 0.09 0.58 0.53 0.16 0.15 0.16 0.06 1.65 1.97 0.93 0.84 0.99 1.2
18 0.54 1.03 0.3 0.29 0.45 0.46 0.6 1 0.28 0.27 0.42 0.41 0.47 0.47 0.16 0.15 0.16 0.09 0.34 0.34 0.12 0.11 0.12 0.06 1.52 1.96 0.88 0.8 0.96 1.2
19 0.67 1.18 0.34 0.33 0.5 0.46 0.77 1.16 0.32 0.31 0.47 0.41 0.62 0.58 0.18 0.17 0.18 0.09 0.45 0.41 0.13 0.13 0.13 0.06 1.68 2.11 0.98 0.89 1.06 1.2
20 0.7 0.93 0.27 0.26 0.37 0.42 0.74 0.92 0.26 0.25 0.35 0.38 0.44 0.45 0.17 0.17 0.17 0.09 0.3 0.3 0.12 0.12 0.12 0.06 1.45 1.88 0.78 0.71 0.86 1.24
21 0.5 1.41 0.19 0.24 0.6 0.38 0.54 1.33 0.18 0.22 0.55 0.34 0.42 0.41 0.14 0.11 0.17 0.1 0.27 0.27 0.1 0.08 0.12 0.06 2.03 3.43 0.88 0.93 1.77 1.63
22 0.31 0.84 0.43 0.4 0.54 0.47 0.29 0.8 0.41 0.38 0.53 0.43 0.19 0.2 0.17 0.16 0.17 0.1 0.12 0.13 0.11 0.11 0.11 0.06 1.12 1.21 0.68 0.61 0.68 1.16
23 0.91 1.23 0.36 0.34 0.51 0.41 1.01 1.23 0.34 0.33 0.48 0.37 0.71 0.63 0.18 0.18 0.18 0.09 0.5 0.43 0.13 0.13 0.13 0.06 1.76 2.01 0.93 0.85 1 1.3
24 0.13 0.83 0.43 0.4 0.55 0.47 0.14 0.79 0.41 0.38 0.54 0.42 0.18 0.18 0.16 0.16 0.16 0.09 0.11 0.11 0.1 0.1 0.1 0.06 1 1.24 0.7 0.63 0.7 1.19
25 0.91 1.98 0.2 0.35 0.87 0.3 1.08 1.95 0.2 0.34 0.82 0.29 0.89 0.99 0.15 0.21 0.34 0.21 0.62 0.68 0.11 0.14 0.23 0.15 2.84 3.39 1.27 1.17 1.88 1.69
26 0.88 1.97 0.2 0.35 0.87 0.29 1.04 1.94 0.2 0.34 0.82 0.27 0.85 0.97 0.15 0.21 0.34 0.2 0.6 0.66 0.11 0.14 0.23 0.15 2.83 3.39 1.27 1.17 1.88 1.69

scaling parameters (α=10,β=10). For summer daytime dry
canopy conditions,Vd of HNO3 is higher than 1.5 cm s−1

for canopies with small roughness lengths and higher than
3 cm s−1 for forest canopies with larger roughness lengths.
Under wet conditions,Vd values are even larger. This is be-
causeRa is small (e.g.<20 s m−1) under unstable stratifica-
tion conditions and is in the same magnitude asRc. Thus,
decreases inRc under rain conditions will increaseVd . Dur-
ing the nighttime, HNO3 Vd is still close to 1.0 cm s−1 for
canopies with smallz0 values and even higher for canopies
with largez0. HNO3 Vd under dry nighttime conditions is
slightly larger than under rainy nightgtime conditions, but
Vd 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. As
discussed earlier, and also shown in Table 4,Vd of HCHO
follows the pattern of SO2 andVd of PAN mimics the pat-
tern of O3. Overall, the typicalVd values shown in Ta-
ble 4 are consistent with the published measurements re-
viewed by Sehmel (1984), Brook et al. (1999b), Wesely and
Hicks (2000) and Zhang et al. (2002a). Again, for many

species that do not have measurements, the tables presented
here are believed to provide some useful information for ap-
plications where deposition velocities are needed.

5 Conclusions and recommendations

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 (i.e.LAI , z0, resis-
tance components) has been found to predict more realistic
deposition velocities compared to other existing models, es-
pecially for wet canopies. Modelled maximum deposition
velocities derived from values of typical meteorological con-
ditions are also found to be realistic compared to published
measurements. However, there are few measurements ofVd
for chemical compounds other than SO2, O3, NO2, HNO3,
NH3. Hence, although the approach presented here is ex-
pected to be reasonably realistic for those other compounds,
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Table 5. Appendix A: Nomenclature.

α: parameter for cuticle and soil resistances scaling to SO2 (0.0–10.0)
β: parameter for cuticle and soil resistances scaling to O3 (0.0–10.0)
ψ , ψc1,ψc2: leaf-water-potential (Mpa)
brs : empirical light response constant for stomatal resistance (W m−2)
bvpd : water-vapour-pressure-deficit constant (kPa−1),
D: vapour pressure deficit (kPa),
e, e∗: ambient and saturation water vapour pressure (kPa), respectively.
fsnow: snow cover fraction (0.0–1.0)
LAI : leaf area index (m2 m−2)
rsmin: minimum stomatal resistance (s m−1)
Ra : aerodynamic resistance (s m−1). Same unit for all resistance parameters listed below.
Rac, Rac0: in-canopy aerodynamic resistance
Rb: quasi-laminar sublayer resistance
Rc: canopy resistance
Rcut : cuticle resistanc
Rcutd , Rcutd0: dry cuticle resistance
Rcutw, Rcutw0: wet cuticle resistance
Rg : ground resistance
Rgdew, Rgrain: soil resistance with dew and rain, respectively
Rice: ice resistance
Rm: mesophyll resistance
Rns : non-stomatal resistance
Rsnow: snow resistance
Rsoil : soil resistance
Rst : stomatal resistance
Rwater : water resistance
RH : relative humidity (0–100%)
sd, sdmax : snow depth (cm)
SR: solar radiation (W m−2)
Tmin, Tmax , Topt : minimum, maximum and optimum temperature for stomatal opening (◦C), respectively.
u∗: friction velocity (m s−1)
Vd : dry deposition velocity (m s−1)
Wst : fraction of stomatal blocking (0.0–0.5)
z0: roughness length (m)

many of the estimated values presented in this paper have not
been validated due to the lack of data.

Though the model performs better compared to its earlier
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 different sites, especially sites not used for model de-
velopment. Unfortunately, flux measurements in many loca-
tions where dry deposition may be important (e.g. rough ter-
rain, “edges” or step changes in vegetation/land-use) are not
possible, though there exist some limited theoretical studies
(Physick and Garratt, 1995; De Jong and Klaassen, 1997).
Yet air quality models are required to include deposition in
such situations. Also, measurements of SO2 deposition over
different wetness conditions are needed in order to verify
the assumptions made in the present study; and simultane-
ous flux measurements of CO2, H2O and pollutant gaseous
species (e.g. O3, SO2) are needed to verify the assumption

that stomatal uptake is not important under wet conditions.
It is important to include the compensation point of NH3 for
areas where NH3 emission can occur. However, all the infor-
mation necessary to implement this formulation in regional
scale models and/or across multiple locations is not available.

Many chemical species are estimated to have high depo-
sition velocities, yet these have never been measured. Any
measurement of flux for these species would be valuable
to be able to begin verifying the scaling method. This is
probably difficult to measure for species with very low con-
centrations since no instruments exist with suitable sensitiv-
ity and fast enough response time. However, there are ap-
proaches for dealing with the fluxes of chemically reactive
species, as long as their concentrations are high enough for
the measurement techniques. Even soil resistance to differ-
ent gaseous species over different surfaces (e.g., snow, ice,
bare soil, below canopy) needs further investigation. Sepa-
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 SO2 Sulphur dioxide
2 H2SO4 Sulphuric acid
3 NO2 Nitrogen dioxide
4 O3 Ozone
5 H2O2 Hydrogen peroxide
6 HNO3 Nitric acid
7 HONO Nitrous acid
8 HNO4 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

also important for evaluating the stomatal uptake sub-model
for the purpose of estimating O3 damage to crops (Ashmore
and Fuhrer, 2000; Emberson et al. 2000) and to develop
a broader understanding of the relative importance of these
two pathways. Clearly, further model developments, beyond
what is presented in this paper, relies heavily on the avail-
ability of more extensive and detailed measurements in the
future.
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