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Abstract. A dry deposition scheme has been developed for the chemistry general 
circulation model to improve the description of the removal of chemically reactive trace 
gases at the earth's surface. The chemistry scheme simulates background CH4-CO-NO x- 
HOx photochemistry and calculates concentrations of, for example, HNO3, NO•, and 0 3. 
A resistance analog is used to parameterize the dry deposition velocity for these gases. 
The aerodynamic resistance is calculated from the model boundary layer stability, wind 
speed, and surface roughness, and a quasi-laminar boundary layer resistance is 
incorporated. The stomatal resistance is explicitly calculated and combined with 
representative cuticle and mesophy|| resistances for each trace gas. The new scheme 
contributes to internal consistency in the model, in particular with respect to diurnal and 
seasonal cycles in both the chemistry and the planetary boundary layer processes and 
surface characteristics that control dry deposition. Evaluation of the model indicates 
satisfactory agreement between calculated and observed deposition velocities. Comparison 
of the results with model simulations in which the deposition velocity was kept constant 
indicates significant relative differences in deposition fluxes and surface layer trace gas 
concentrations up to about _+35%. Shortcomings are discussed, for example, violation of 
the constant flux approach for the surface layer, the lacking canopy description, and 
effects of surface water layers. 

1. lnlroduction 

The removal of gases and particles from the atmosphere by 
turbulent transfer and uptake at the Earth's surface is a pri- 
mary mechanism to cleanse the atmosphere and deliver chem- 
ical doses to the surface [Wesely, 1989]. This removal of trace 
gases at the surface by chemical, physical, and biological pro- 
cesses, in the absence of precipitation, is defined as dry depo- 
sition. The dry deposition flux of trace gases is often parame- 
terized in models as the concentration of the trace gas at a 
specific height multiplied by a deposition velocity (l/•t), which 
depends on atmospheric parameters as well as specific surface 
parameters. This deposition velocity is usually expressed in 
terms of an aerodynamic resistance, which is a function of the 
physical state of the atmosphere and a surface resistance, 
which is a function of the chemical, physical and biological 
properties of the surface [Chameides, 1987]. Measurement 
campaigns have confirmed the dependence of the deposition 
velocity on surface characteristics [Fuentes et al., 1992; Len- 
schow et al., 1982; BaMocchi, 1993; Massman et al., 1994]. 
Uptake by the vegetation is a major sink for many trace gases 
and deposition velocities are related to the diurnal and sea- 
sonal cycles in plant activity and specific physical properties of 
the vegetation. Also, for surfaces covered by water layers or 
sparse vegetation the uptake processes can show a temporal 
dependence and relations with site specific physical properties, 
for example, the presence of snow or ice. 

A dry deposition model, similar to that presented by Hicks et 
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al. [1987], has been incorporated in the European Centre 

Hamburg Model (ECHAM) which has been coupled to a 
chemistry scheme [Roelofs and LelieveM, 1995] to improve the 
description of the removal of chemically reactive trace gases. 
Different descriptions of the dry deposition process on a global 
scale have been used in previous studies. Penner et al. [1991] 
use a constant deposition velocity for each trace gas, while 
Dentenet and Crutzen [1993], Levy and Moxim [1989], and Ka- 
sibhatla et al. [1993] use a constant surface uptake rate, derived 
from observed deposition velocities, and a parameterization of 
turbulent transfer calculated from the drag coefficient. An in- 
ventory of the global distribution of emission and dry deposi- 
tion velocities of trace gases by MLiller [ 1992] takes into account 
a surface uptake rate dependent on surface characteristics. 
However, MLiller [1992] calculates deposition velocities from 
assumed surface uptake rates and constant turbulent transport 
rates. Our scheme calculates deposition velocities according to 
the "big-leaf" concept [Hicks et al., 1987] from the turbulent 
transfer and vegetation activity computed by the ECHAM 
model, supplemented with representative uptake rates for soil, 
water, and snow/ice on a global scale. The main purpose of the 
development of this more comprehensive dry deposition 
scheme for ECHAM is to improve the description of trace gas 
exchange between the atmosphere and the surface, consistent 
with temporal and spatial dependencies of the model physics 
and chemistry. Moreover, the degree of detail of the new dry 
deposition parameterization should be compatible with that of 
other process descriptions in ECHAM. We emphasize that the 
scheme uses all the relevant ECHAM calculated parameters. It 
is not expected that it reproduces local observed deposition 
velocities since differences between the spatial and temporal 
scales of ECHAM and micrometeorological processes may be 

20,999 

CORE Metadata, citation and similar papers at core.ac.uk

Provided by Wageningen University & Research Publications

https://core.ac.uk/display/29339607?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


21,000 GANZEVELD AND LELIEVELD: DRY DEPOSITION PARAMETERIZATION IN CHEMISTRY GCM 

large. However, the scheme should catch the specific global 
scale differences between distinct receptor surfaces exposed to 
very different meteorological conditions, for example, equato- 
rial tropical forest, desert, high-latitude tundra, etc. We will 
show that the scheme succeeds in simulating deposition veloc- 
ities which are in reasonable agreement with observations al- 
though further improvements must be incorporated in future 
model versions. 

2. The ECHAM Model 

The GCM used in this study is the ECHAM model (version 
3.2) which evolved from the numerical weather prediction 
model developed at the European Centre for Medium Range 
Weather Forecasts (ECMWF) [Roeckner et al., 1992]. We use 
a T21 horizontal resolution corresponding with grids squares 
of about 5.6 deg and a time step of 40 min. The model has 19 
vertical layers in a hybrid •r-p coordinate system. Prognostic 
variables are vorticity, divergence, temperature, surface pres- 
sure, humidity, and cloud water. The model contains param- 
eterizations of radiation, cloud formation and precipitation, 
convection and horizontal and vertical diffusion. The seasonal 

cycle of the sea surface temperature is prescribed as a bound- 
ary condition. Land surface processes are described by a five- 
layer heat conductivity soil model and by a hydrological model 
to determine evaporation and runoff [Lohmann et al., 1993]. 
Over land, each grid square is subdivided into four fractions to 
distinguish between snow coverage, bare soil, water in the skin 
reservoir (water stored within the canopy and on bare soil) and 
vegetation. Permanent ice cover over land is prescribed by a 
glacier mask. The vegetation fraction of each grid square is 
representative for the biological state of the vegetation type 
assigned to each grid square according to Wilson and Hender- 
son-Sellers [1985]. Their classification system discerns 6 major 
ecotype classes. Over land the roughness length is geographi- 
cally prescribed while over ice-free sea it is calculated following 
Charnock [1955] [Deutsches Klimarechenzentrum, Modellbe- 
treuungsgruppe (DKRZ), 1992, and references therein]. Trans- 
port of water vapour and trace gases is described by a semi- 
Lagrangian advection scheme. The ECHAM model is coupled 
to a chemistry scheme developed by Roelofs and Lelieveld 
[1995]. The scheme calculates the NOy (NO/NO> HNO3, 
HNO4, NO3, and N205) , OH and 03 concentrations based on 
the background CH4-CO-NOx-HO x photochemistry taking 
into account the role of nighttime chemical reactions of HNO3 
and N205 on aerosol surfaces and clouds, and the resulting loss 
of NOx [Dentenet and Crutzen, 1993]. Emissions of NOx, CO, 
and CH 4 are considered and the wet deposition calculations 
use the ECHAM parameterization schemes for large-scale and 
convective clouds [Roelofs and Lelieveld, 1995]. 

3. Dry Deposition Parameterization 
3.1. Theory 

The concentration of a trace gas [c] in the atmosphere, 
adjacent to the Earth's surface, is determined by transport, 
chemical production or destruction, emission, and wet and dry 
deposition: 

= + + + (1) dt •- transp chem emiss dep 
The contribution of dry deposition is explicitly expressed by a 
relationship between the deposition flux and deposition veloc- 
ity according to 

(2) 

where F•. is the deposition flux of the trace gas (molecules m -2 
s-l), c z is the concentration of the trace gas (molecules m -3) 
at a reference height z, and l/d is the deposition velocity 
(m s -1) at the reference height z. The time integrated dry 
deposition flux is hereafter referred to as "deposition." The 
deposition velocity is assumed to be independent of the con- 
centration of the trace gas of interest and to be related to 
specific characteristics of surfaces and the atmospheric condi- 
tions above these surfaces: 

1 

['Zd : R a -I- R b -I- /surf (3) 
where R• is the aerodynamic resistance, which is a function of 
the turbulence in the surface layer, R• is the quasi-laminar 
boundary layer resistance (QBR), partially controlled by mo- 
lecular diffusion, and Rsurf is the combined resistance of all 
transfer pathways which play a role in the uptake of trace gases 
by the surface. 

3.2. Aerodynamic- and Quasi-laminar Boundary Layer 
Resistance 

The aerodynamic resistance is given by 

R = u-•-• In - xp (4) " z0 L 

where u, is the friction velocity (m s-l), k is the Von Karman's 
constant (•0.4), z is the reference height which is half the 
average height of the model's lowest layer (about 60 m, so z • 
30 m) and ß is a dimensionless stability correction term which 
is a function of the height and a height independent stability 
parameter L (meters) (Monin-Obukhov length); d is the dis- 
placement height (meters), which is introduced in the calcula- 
tion of R, over surfaces with relatively large obstacles (often 
taken as 2/3 of the canopy height). However, in our scheme the 
displacement height is assumed to be zero since d is already 
incorporated in the model's surface level. For the roughness 
length, Zo, a characteristic length scale of the underlying sur- 
face, the surface roughness for momentum Z0m as used in the 
ECHAM model [DKRZ, 1992] is used. The stability correction 
term is calculated from the model's stability in the lowest 
model layer based on the Dyer and Hicks [1970] flux profile 
relationships for heat [Brutsaert, 1973, and references therein]. 

The aerodynamic resistance for a specific trace gas X (R,x) 
can be expressed as the sum of the aerodynamic resistance, and 
an additional quasi-laminar boundary layer resistance Rbx. 
This resistance arises in the trace gas flux calculations because 
of different roughness lengths for momentum (ZOrn) and trace 
gases (Zox) [Fuentes et al., 1992, and references therein]: 

1 R,x = R, + In (S c/Pr) 2/3 Zox/ k•, 

where the second term on the right-hand side represents Rbx, 
Sc is the Schmidt number defined as the ratio of the kinematic 

viscosity for air (0.15 cm 2 s -1) and the molecular diffusivity of 
the trace gas (at 1013.25 mbar) and Pr is the Prandtl number 
(0.72) [Hicks et al., 1987]. For vegetated areas a value of 2 has 
been adopted for In (Zom/ZOx) [Gatrat and Hicks, 1973]. For 
snow, ice, water, and bare soil the surface roughness for mo- 
mentum (Zorn) ranges from about 0.001 up to 0.1 cm. Accord- 
ing to Brutsaert [1973] for this range the surface roughness for 
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trace gases is about 3 times smaller than for momentum, yield- 
ing a logarithmic ratio In (zo,•/Zox) of about 1. Since R•,x is 
often significantly smaller than R, and R•,ur f, the computation 
of the deposition velocity for a specific trace gas, l/dX, will not 
be very sensitive to the chosen definition of R•,x. This will also 
be shown in the presentation of the results (section 4). 

3.3. Surface Resistance 

In the ECHAM model, each land grid square is divided into 
four subgrids, defined by a snow (ice) covered fraction, one 
with water in the skin reservoir, one with bare soil and one with 
vegetation [DKRZ, 1992], while over sea the seaice covered 
fraction is defined. The surface resistance of compound X of 
the sea and wet skin reservoir, snow, ice, and bare soil is 
defined by 

R•,urf = rw•t/ .... /,ce/,o,, (6) 

and that over vegetation by 

1 

Rsurf = LAl/rleaf + 1/rsoil (7) 
where LAI is the single-side total area of leaves/needles per 
area surface, r•½af is the leaf/needle resistance which is the 
resultant resistance of the serial mesophyll and stomatal resis- 
tance, fmcs, and rstom , and a parallel cuticular resistance, rcu t. 
The relative importance of r•,oi • in (7) increases with a decreas- 
ing LAI; locations without vegetation have an LAI of zero. In 
ECHAM the rstom of the canopy is calculated as a function of 
the photosynthetically active radiation (PAR) and the avail- 
able water in the root zone F(Ws) according to Sellers et al. 
[1986]: 

me 
rsto m -- 

dPAR In d + 1 - In d ½ 1 F(W•) 
(8) 

where d = (a + b*c)/(c*PAR),k = 0.9, a = 5000 J m -3, 
b = 10 W m -2, and c = 100 s m -•. Equation (8) is used to 
determine the rstom for the trace gas of interest for a leaf/ 
needle of any vegetation type, using an LAI of 1, and corrected 
for differences in molecular diffusivity between H20 and the 
trace gas and then combined with rcu t and rme s yielding/'leaf' 
The state of the canopy in this ECHAM version is not ex- 
pressed by the LAI, which has a constant value of 4 for all 
vegetation types, independent of time and location, but by a 
seasonally dependent vegetation area fraction, representative 
for each of the six vegetation classes assigned to each grid 
square according to Wilson and Henderson-Sellers [1985]. This 
vegetation area fraction accounts for both the amount of 
standing biomass and the capacity for uptake of trace gases of 
the vegetation type in each grid square. The grid-average dep- 
osition velocity is computed as the area weighted average of 
the deposition velocities for each subgrid fraction from R,x 
and the Rsurf. 

The current dry deposition parameterization in ECHAM is 
developed for the trace gases 03, HNO3, and NOx (NO and 
NO2). Ozone plays a key role in the chemistry of the tropo- 
sphere and its destruction at the underlying surfaces needs to 
be realistically represented [Galbally et al., 1980]. Uptake pro- 
cesses of ozone at the surface, especially by vegetation, are 
relatively straightforward to compute compared to other trace 
gases, like SO2 and NO x. For the latter trace gases Rsurf is 

codetermined by a number of complex processes, for example, 
uptake of SO2 and reactions within water layers on the vege- 
tation (dew, rain) and soil emissions (NOx). Measurements in 
different vegetated locations have shown that the dry deposi- 
tion of 03 is controlled by rstom and R•x since rcu t is relatively 
large [Kerstiens and Lendzian, 1989] and fmcs, • 0 [Wesely, 1989; 
Neubert et al., 1993]. The uptake by soil and water surfaces, 
however, is still uncertain. NOx is of major importance for the 
photochemical production of 03, and HNO 3 serves as a res- 
ervoir species for NOx in remote locations, releasing it through 
photolysis and reaction with the OH radical. Deposition pa- 
rameterization of additional species, for example, SO2, H202, 
NO3, N205, CH302H , and aerosol particles, will be incorpo- 
rated in future versions of the scheme. The concentrations of 

short-lived trace gases like HO2, OH, CH302, and CH20 are 
largely determined by chemical reactions and not by dry dep- 
osition. In the next section, representative resistances of all 
uptake pathways are presented for 03, HNO3, NO and NO 2. 

3.3.1. Ozone 

In this section we distinguish ozone uptake resistances for 
vegetation, soil, water, snow, and ice. 

Vegetation: It is generally assumed that the internal leaf 
concentration of 03 equals zero, which leads to a zero 03 
mesophyll resistance. The uptake of 03 by the cuticle is small 
compared to the uptake through the stomata [Kerstiens and 
Lendzian, 1989], which means that this transfer pathway can be 
neglected in the parameterization of rleaf [Baldocchi et al., 
1987]. Thus uptake of 0 3 by vegetation is solely determined by 
the stomatal resistance. A large cuticle resistance for 03 of 105 
s m-• has been adopted. 

Soil: Measurements of 03 uptake by soils show a soil type 
dependence as well temporal variations in the soil resistance, 
with typical values ranging from about 50 up to 1000 s m-• 
[Galbally and Roy, 1980; Stocker, 1993; Wesely, 1981, 1989]. 
Temporal variations in r•,oi • can be due to variations in soil 
wetness and temperature. In many experiments a strong de- 
pendency of the r•,oi • for 03 on the soil water content was found 
[Galbally and Roy, 1980, and references therein; Wesely, 1981; 
l/an Pul, 1992]. In the current version of the model a constant 
value of rsoi• of 400 s m -• is used, which is larger than that of 
Wesely [1989], Leuning et al. [1979], l/an Pul [1992], and Gal- 
bally and Roy [1980]. However, most of these values were 
measured under summer conditions. Wesely [1981] observed a 
considerably higher rso• of about 1000 s m- • for cold bare soil, 
which is consistent with an observed ozone deposition velocity 
of about 0.10 cm s-• above a deciduous forest floor [Hicks et 
al., 1989, and references therein]. Stocker et al. [1993] mea- 
sured 03 fluxes over a shortgrass prairie from March to August 
and derived an average r•,o• • of about 400 s m-•. This value of 
400 s m-• is assumed to be representative throughout the year 
for all soil types. 

Water, snow, and ice: The deposition of 03 on water sur- 
faces is small compared to deposition to land surfaces. Mea- 
sured deposition velocities are of the order of 0.01 cm s-• over 
fresh water [Wesely, 1981] and 0.01 cm s -• [McKay et al., 1992] 
up to 0.05 cm s-• over sea [Lenschow et al., 1982]. Galbally and 
Roy [1980] presented a summary of results of measurements 
over sea and fresh water surfaces, indicating that surface re- 
sistances range from 1000 to 2000 s m-•. Because of the small 
surface roughness length, R,x will be larger over water com- 
pared to land surfaces. However, the surface resistance is still 
significantly larger compared to the aerodynamic resistance 
[Lenschow et al., 1982]. Therefore introduction of an aerody- 
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namic resistance by application of (5) will not result in any 
significant temporal dependence of l/dO 3 over water surfaces. 
The current dry deposition scheme computes I/•o3 over water 
surfaces using a value of rwa t of 2000 s m- 1. This value is also 
applied to snow and ice surfaces [Galbally and Roy, 1980; 
Wesely, 1981]. 

3.3.2. Nitric acid vapor. Over most surfaces the deposition 
velocity for gas phase HNO 3 is solely controlled by the aero- 
dynamic resistance. This suggests that HNO 3 is deposited as 
rapidly as turbulent transfer allows [Hanson and Lindberg, 
1991, and references therein]. Observed HNO3 deposition ve- 
locities above crop canopies, deciduous forest, grass and other 
vegetation range from 0.5 to 26 cm s-l, depending on vegeta- 
tion type and windspeed. The vegetation resistance of HNO3 is 
close to zero due to the high solubility and sticking coefficient, 
resulting in a small cuticle and mesophyll resistance. In con- 
trast to 03, the HNO 3 deposition velocity is therefore highly 
sensitive to the QBR [Hanson and Lindberg, 1991, and refer- 
ences therein; Huebert and Robert, 1985]. Deposition to water 
surfaces and soils can also be expected to be large. Parame- 
terization of the surface resistances according to Wesely [1989] 
resulted in very small water and soil resistances. Furthermore, 
average HNO3 deposition velocities above water/soil surfaces 
are rather small because of the small surface roughness. HNO3 
deposition velocities above snow observed by Johannson and 
Granat [1986] show a dependence on the snow temperature 
with a typical value of about 0.6 cm s- 1 for a snow temperature 
of -2øC, decreasing rapidly to about 0 with decreasing snow 
temperatures [Hanson and Lindberg, 1991]. The physical mech- 
anism responsible for this is unclear. In our scheme, the dep- 
osition velocity above all surfaces except for snow and ice, is 
calculated assuming a minimal surface resistance of 10 s m- 1 in 
order to avoid unrealistic large deposition velocities over rough 
surfaces [Wesely, 1989]. This threshold deposition velocity is 
required for the scheme since the large-scale model surface 
roughness is dependent on the orography, resulting in very 
small aerodynamic resistances above mountainous regions. 
The HNO3 surface resistance for snow and ice surfaces is 
calculated from the model's surface temperature, according to 
the relationship by Wesely [1989], based on the observations by 
Johannson and Granat [1986]. 

One should bare in mind that only the dry deposition of 
gaseous HNO3 is calculated by our scheme. In reality some 
HNO3 is removed from the lower troposphere by gas-to- 
particle conversion of HNO3 and subsequent removal of aero- 
sol nitrate. However, the latter process has not yet been incor- 
porated in the chemistry scheme. For more information 
concerning the calculation of wet deposition of HNO3 in the 
chemistry scheme we refer to Roelofs and Lelieveld [1995]. 

3.3.3. Nitrogen oxides. The dry deposition description for 
NOx is relatively complicated compared to 03 since the surface 
can be a sink as well as a source of NO. Results of field 

experiments have indicated that observed fluxes and concen- 
trations of NOx are not in agreement with flux-resistance re- 
lationship expressed by (2) and (3). Emission of NO is proba- 
bly one of the causes of the disagreement. Another cause is 
violation of the constant flux approximation. The timescale of 
the chemical reactions of NOx may be small compared to that 
of diffusive transport, resulting in local sources or sinks of NOx 
and possibly flux divergence [Kramm et al., 1993]. The appli- 
cability of the aerodynamic resistance using (4) for calculation 
of the NO• deposition velocity seems therefore doubtful for 
the height of the model's lowest layer (-60 m). However, for 

most surfaces, the aerodynamic resistance is relatively small 
compared to the surface resistance and thus the error in the 
calculated deposition velocity will also be small. Concerning 
the surface resistance, in this work, representative resistances 
are selected to account for the sources. A more realistic rep- 
resentation of the interaction between emission and deposition 
has not been applied yet since the NO emission has been 
calculated in a separate routine of the chemistry model. 

Vegetation: The dry deposition of NO2 to vegetation is 
controlled by the stomatal aperture [Hanson and Lindberg, 
1991; Neubert et al., 1993], suggesting that there is no signifi- 
cant mesophyll resistance. However, deposition of NO2 to 
broadleaf plant species appears to exceed that of coniferous 
species by a factor of 3-10 which can not be attributed to a 
difference of typical LAI values for these plant species alone. It 
was suggested by Johansson [1987] that a mesophyll resistance 
exists for coniferous trees, which comprises at least 50% of the 
total resistance to diffusion [Hicks et al., 1989]. Johansson 
[1987] observed that the relationship between stomatal behav- 
iour and uptake broke down with decreasing concentrations 
(Scots Pine). This suggests the existence of a "compensation 
point," the concentration for which emission balances deposi- 
tion, and an increasing contribution of the mesophyll resis- 
tance into the total leaf resistance. The observed mesophyll 
resistance ranged from 10 to about 800 s m -1 [Johansson, 
1987]. The existence of a compensation point for NO: concen- 
trations of about 1-3 ppbv was also observed for Spruce trees 
by Thoene et al. [1991]. The existence of a mesophyll resistance 
for NO: is a possible explanation for observed differences in 
O_• and NO2 deposition velocities [Wesely et al., 1982; Delany 
and Davis, 1983], the latter being about 2/3 of the 03 deposi- 
tion velocities. This difference between deposition velocities of 
03 and NO2 can not be explained by different O_• and NO 2 
cuticle resistances. The cuticle NO2 uptake plays a minor role, 
the cuticular uptake rate for NO2 being at least 1-2 orders of 
magnitude less than representative rates to tree foliage 
through stomata [Hanson and Lindberg, 1991; Kerstiens and 
Lendzian, 1989; Kramm et al., 1993]. In our deposition scheme, 
the mesophyll resistance for NO2 is assumed to be half the leaf 
stomatal resistance, in order to calculate a NO 2 deposition 
velocity of about 2/3 the O_• deposition velocity above vege- 
tated areas, ignoring the difference of a broadleaf and conif- 
erous plant mesophyll resistance. Calculating the mesophyll 
resistance from the stomatal resistance indirectly implies a 
dependence of the mesophyll resistance on light intensity, in 
agreement with observations by Neubert et al. [1993]. Kramm et 
al. [1993] proposed a correction term, depending on atmo- 
spheric and internal concentrations and resistances. This cor- 
rection term may be accounted for in future versions of our 
deposition scheme if more detailed information concerning the 
'compensation point' of other vegetation types becomes avail- 
able. As long as this correction has not been made, a repre- 
sentative resistance must be chosen for the coexistence of 

emission and deposition. The cuticle resistance for 03 (105 s 
m -1) has also been adopted for NO2. 

There is little information available about the uptake of NO 
by plants. Uptake rates of NO observed by Neubert et al. [1993] 
are about one order of magnitude lower that those for NO2, 
consistent with the findings reviewed by Hanson and Lindberg 
[1991]. The main reason for this significantly smaller deposi- 
tion velocity is the relative large mesophyll resistance for NO 
[Neubert et al., 1993, Wesely, 1989]. Kisser-Priesack et al. [1987] 
concluded, based on measurements with radioactively labelled 



GANZEVELD AND LELIEVELD: DRY DEPOSITION PARAMETERIZATION IN CHEMISTRY GCM 21,003 

Table 1. Selected Soil, Cuticle, Mesophyll, Water, Snow/Ice Resistances for 03, HNO3, 
and NO/NO2 

Fsoil Fcut Fmcs Fwat Fsnow/ice 

03 
•-- HNO3 

NO2 
NO 

400 l0 s 0 2000 2000 

10 0 0 10 max(10, f(Tsurf )) 
600 10 5 0.fi *r store 105 105 
l 0 5 l 0 5 5 *r stom l 0 5 l 0 5 

Resistances are in seconds per meter. 

NO, that cuticular uptake should not be ignored [Hanson and 
Lindberg, 1991, and references therein], also because of the 
relatively small loss by deposition through the stomata. In 
contrast, Neubert et al. [1993] and Wesely [1989] find that the 
uptake of NO by the cuticle does not contribute significantly to 
the foliage uptake. In our scheme, the mesophyll resistance for 
NO is assigned a 10 times larger value than that of NO2, and 
for the cuticle resistance of NO we assumed the same value as 

for 03 and NO 2. 
Soil: Conductances to different soil types, as presented by 

Hanson and Lindberg [1991], indicate average soil resistances 
for NO2 and NO of about 250 and 950 s m -1, respectively. 
Wesely [1989] derived larger soil resistances for both trace 
gases. In the dry deposition scheme a value of 600 s m-• is used 
for NO2, resulting in NO 2 deposition velocities of 2/3 of the 03 
deposition velocity over vegetated areas (see equation (7)). 
This value of 600 s m-l is probably reasonably representative 
for soils covered by vegetation since all the NO 2 soil conduc- 
tances in the work by Hanson and Lindberg [1991] were deter- 
mined in enclosure experiments. It can be expected that tur- 
bulent transfer in these chambers was optimal, contrary to the 
conditions in the canopy for which an additional resistance 
against turbulent transfer through the canopy to the soil sur- 
face should be adopted. Furthermore, high-exposure concen- 
trations were used in the enclosure experiments. It can be 
expected that for typical tropospheric surface layer NO 2 con- 
centrations, a representative soil resistance will be larger be- 
cause of a more significant contribution of NO emission. This 
effect is more pronounced for NO since emission dominates 
deposition [Stocker et al., 1993]. Therefore NO deposition to 
soils has been neglected. 

Water, snow, and ice: As for 03, the uptake of NO and 
NO2 is limited by uptake into the aqueous phase and/or reac- 
tion with dissolved components [Lee and Schwartz, 1981; 
Schwartz, 1992]. The Henry's law constants for 03 and NO2 are 
comparable but the difference in reactivity results in a rela- 
tively larger uptake resistance for NO2 for sea and fresh water. 
The Henry's law constant for NO is smaller than that of 03, 
and NO is not significantly reactive in the aquous phase [We- 
sely, 1989; Lee and Schwartz, 1981]. In the dry deposition 
scheme, a value of l0 s s m-l is adopted for the sea and fresh 
water resistance of NO 2 and NO. An exact definition is not 
required since the dry deposition process to water remains very 
slow compared to gas phase reactions of NO and NO 2 [Lee and 
Schwartz, 1981]. Observed deposition velocities of NOx over 
snow are less than 0.03 cm s -• [Granat and Johansson, 1983]. 
VaMez et al. [1987] observed an average NO2 deposition ve- 
locity to snow of about 0.01 cm s -•. On the basis of these 
results and the relatively slow deposition process, a value of l0 s 
s m-1 has been adopted for the snow and ice resistances for 
NOx. Table 1 shows all the adopted resistances as used in this 
study. 

4. Results 

We present model simulations for the months January and 
July, for which strong differences in deposition velocities, as- 
sociated with vegetation activity, chemistry, and meteorology, 
can be expected. 

4.1. Diurnal Cycle and Comparison With Observations 

Evaluation of the model against experimental results is dif- 
ficult due to the large difference in spatial resolution of mea- 
sured and model derived deposition velocities. The version of 
ECHAM model used (T21) has a spatial resolution of 5.6 ø x 
5.6 ø (500-600 km at midlatitudes), while measured deposition 
velocities are site specific with typical spatial scales of about 
0.1-1 km. In ECHAM, surface characteristics, for example, 
canopy structure, canopy height, LAI and vegetation type, are 
only coarsely represented. Therefore evaluation of Vdx is re- 
stricted to qualitive comparisons of diurnal and seasonal cy- 
cles, which are not very sensitive to the specific surface param- 
eters but which are to a large extent controlled by turbulence 
and irradiance (e.g., through stomatal uptake). Further, eval- 
uation of calculated NOx and HNO3 deposition velocities is 
limited by the relatively small amount of representative dry 
deposition data available. 

Evaluation of Vdo 3 is most relevant for grid squares covered 
by vegetation or bare soil. For vegetated grid squares, both the 
surface and the aerodynamic resistance are computed from 
ECHAM parameters. Although bare soil surfaces have been 
assigned a constant surface resistance, the aerodynamic resis- 
tance still has a significant influence on Vdo 3 due to the rela- 
tively small surface roughness. Evaluation of Vdo 3 over water, 
snow and ice is of lesser importance because Vdo3 merely 
depends on the assigned values of the relatively large surface 
resistance. Figures la-lh show the calculated monthly average 
diurnal cycle of Vdo 3 for six grid squares with typical vegeta- 
tion classes for January and July. The grid squares are selected 
based on the distribution of major ecosystems [Henderson- 
Sellers et al., 1986] and available observations of 03 deposition 
velocities under comparable conditions (season, vegetation 
cover). Many available observations could unfortunately not be 
used because these observations were carried out over very 
different vegetation compared to the assigned vegetation class 
of the grid square. Figure l a shows the diurnal cycle of Vdo3 
for north-western Europe. There is a distinct difference be- 
tween the two months (seasons), resulting from the differences 
in stomatal and aerodynamic resistances. The January and July 
average diurnal cycles of rstom and R, for this grid square are 
shown in Figures 2a and 2b. The Fstom is large for January 
(•2000 s m-•) and thus not shown. The deposition velocity is 
determined mostly by the soil resistance and R,. The January 
diurnal cycle in Vdo3 is less pronounced than in July since it is 
solely determined by R,, which does not have such a large 
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[i•r• 1. Monthly average diurnal cycle of F•o½ for Januaw and July, (a) northwestern Europe, 55 ø N, •0 ø 
E, the vegetation class is crop, (b) northeastern Canada, 55 ø N, 65 ø 
Januaw F•o½ has a constant value of 0.05 cm s-• as a result of snow cover, (c) east Canada, 45 ø 
vegetation class deciduous tree, snow cover in Janua W, (d) •aska, 60 ø N, •50 ø W, vegetation class tundra/ 
desert, snow cover in Januaw, (•) western North America, 40 ø N, •5 ø W, vegetation class •rass and shrub, (f) 
north Africa, 20 ø N, •5 ø E, vegetation class tundra/desert, (•) Australia, 30 ø S, •40 ø E, vegetation class •rass 
and shrub, and (h) South America, 5 ø S, 45 ø W, vegetation class evergreen tree. 
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amplitude in the daily variation as the stomatal resistance. The 
average l/jo3 in northwestern Europe in January is about 0.25 
cm s- •, approximately the inverse value of rsoi]. In July, rstom is 
at maximum during nighttime whereas a high R, additionally 

limits transfer of 03 through the atmosphere as a result of the 
stable stratification. The diurnal cycle of rstom is very similar to 
the diurnal cycle of l/jo3. The inverse value of rstom does not 
differ much from the absolute level of l/•o 3 which means that 
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Figure 2. Monthly average diurnal cycle of R, and rstom for 0 3 of northwestern Europe for (a) January 
(rstom • 2000 S m-i, not shown here) and (b) July. 

I/ao 3 is largely controlled by rstom. R, has no significant lim- 
iting effect on Vao3. The QBR is not presented in Figures 2a 
and b because of its relatively small value. A sensitivity study 
indicated that the average R, is about 1 order of magnitude 
larger than the QBR, which implies that no elaborate descrip- 
tion of the QBR is required for these conditions. 

Table 2 shows daily average, maximum and minimum cal- 
culated 03 deposition velocities and a selection of observations 
over comparable surfaces and season. No observed diurnal 
cycles are presented here, however, the diurnal and seasonal 
cycles are dependent on the same quantities, which are repre- 
sented by their average, maximum and minimum values. The 
agreement between calculated and observed 03 deposition 
velocities appears to be satisfactory. The calculated Vao 3 over 
all surfaces, except for the deserts of North-Africa and South- 
American forests, shows a distinct difference between the two 
months. There is a diurnal cycle in Vao3 for all surfaces in the 
summer and winter except for the snow covered surfaces (a 
Vao3 of about 0.05 cm s-1 in January in Figure lb, lc, and ld) 
and the deserts. The small seasonal and diurnal cycles over 
deserts are related to the negligible vegetation influence on the 
deposition process. The average Vao3 of 0.25 cm s-1 approx- 

imates the inverse value of the assigned soil resistance since 
the aerodynamic resistance does not significantly contribute to 
I/ao 3 despite the relatively small surface roughness. The over- 
estimation of I/ao 3 by the model over tundra in Alaska can 
probably be attributed to the fact that ECHAM does not con- 
tain a representation of inland water while the measurements 
were carried out over relatively wet tundra terrain [Jacob et al., 
1992; Ritter et al., 1992]. The I/ao • over western North America 
in July is smaller than in January as a result of the reduced 
stomatal uptake due to water stress. The daytime I/do • over 
tropical forest is underestimated by the model which indicates 
that the scheme does not succeed in simulating the very effi- 
cient stomatal uptake by tropical forest. 

4.2. Global Distribution of Deposition Velocity, 
Deposition, and Concentrations 

Ozone: Figures 3a and 3b show the January and July av- 
erage global Vao3 distribution, indicating a distinct spatial 
distribution over the continents, which is mostly related to 
differences in surface characteristics. In July, relatively large 
values of Vao3 occur in the areas with dense vegetation cover, 
for example, the temperate forests in the northern hemisphere 

Table 2. Comparison of Calculated and Observed Vao3 Values Above Comparable Surfaces Under Comparable 
Conditions 

Figure Number and Deposition Surface 
Calculated Vao3, cm s -1 average 

(maximum, minimum) 
Reference, Observed Vdo3, cm s-1 average 

(maximum, minimum) 

la: crop, northwestern Europe 

lb' evergreen tree, northeastern Canada 

l c: decidious tree, east Canada 

ld: tundra, Alaska 

le: grass and shrub, western North America 

if: tundra and desert, north Africa 

l g: grass and shrub, Australia 

lh: evergreen tree, South America 

Jan. 0.2 (0.3,0.15) 
July 0.5 (0.65,0.35) 
Jan.0.05(snow) 
July 0.4 (0.6,0.25) 
Jan.0.05(snow) 
July0.45 (0.65,0.25) 
Jan.0.05(snow) 
July 0.7 (1.0, 0.4) 
Jan. 0.4 (0.65,0.25) 
July0.35 (0.5,0.25) 
Jan.0.25 

July0.25 
Jan. 0.3 (0.4, 0.2) 
July 0.2 
Jan. 0.8 (1.15, 0.4) 
July 0.8 (1.0,0.35) 

Van Pul [1992], 0.46 (•0.6, •0.35) 

Ritter et al. [1994], 0.4 (0.65, 0.25) 
Padro et al. [1993], •0.2 (0.3, 0.1), •0.6 (1.25, 0.25) 

Sehmel [1980], 0.7* 
Jacob et al. [1992] and Ritter et al. [1992], 0.2 (0.35, 0.1) 

Massman et al. [1994], 0.3 (0.5, 0.1) 
Sehmel [1980], •0.30' 

Sehmel [1980], 0.4 (0.6, 0.2)* 

Fan et al. [1990] •1.0 (•2.5, •0.25)* 

*Yearly average Vao 3 and values between parentheses denote maximum and minimum Vao3. 
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Figure 3. Monthly average O3 deposition velocity (cm s-•), (a) January, (b) July. Ice and snow cover is 
represented by the white color. The isolines are 0.045, 0.2, 0.35, 0.5, and 0.65. 

(NH) and forested regions in the tropics. Relatively small 
deposition velocities of about 0.1-0.2 cm s -• are calculated 
over the deserts of Africa and the Middle East. In the southern 

hemisphere (SH), l/•o 3 values are relatively small, with values 
of about 0.2 cm s-• in Australia, and 0.25 cm s-• in large parts 
of South America and Africa. Figures 3a and 3b also indicate 
the seasonal differences in l/•o 3 over the continents. The val- 
ues of l/•o 3 in January are quite different from those in July, 
being very small over North America and northern Europe and 
Siberia in January, caused by the snow cover in these areas. 
Over sea, l/ao 3 is about 0.05 cm s -• Relatively low wind 
speeds and consequently small surface roughnesses in subsi- 
dence areas, following the Hadley cell circulation, result in 
somewhat increased aerodynamic resistances in the subtropics 
in both hemispheres. 

The results of our deposition scheme have been compared 

with those of a scheme in which V•o3 was kept at a constant 
value (hereafter referred to as "constant V•o3" scheme) of 
0.35 cm s-• over land (without snow/ice cover) which was used 
previously in a global model by Dentenet and Crutzen [1993], 
and 0.05 cm s -• over sea and snow/ice surfaces. Figure 4a 
shows the relative differences between O3 deposition, calcu- 
lated as (new scheme minus "constant V•x" scheme)/ 
("constant V•x" scheme). Especially over vegetated areas, 
ozone deposition increases by 10-50% over the NH. The new 
deposition scheme calculates less 03 deposition over arid re- 
gions, for example, the African and Middle East deserts and 
Australia. Reductions of O3 deposition over the oceans are 
caused by introduction of the aerodynamic term, thereby in- 
creasing the total resistance with about 200-500 s m-•. The 
relative differences between the monthly average O3 concen- 
trations in the surface layer by both schemes for July are given 



GANZEVELD AND LELIEVELD: DRY DEPOSITION PARAMETERIZATION IN CHEMISTRY GCM 21,007 

60N - 

30N - 

EQ- 

30S - 

60S - 

180W 15•W 12•W 9C•W 6dw 3c•w • 3•E 6•E 9•E 12bE 15bE 180E 

Figure 4a. Relative difference (percent) of O_• deposition between the new dry deposition scheme and the 
"constant 1/•/o3" scheme, July. Dashed and solid lines indicate a decrease and increase, respectively, of 
deposition calculated by the new scheme compared to the "constant l/•/o3" scheme. The isolines are -25, 
-10, 10, 25, and 50. 

in Figure 4b. These are generally smaller than the differences in 
03 deposition, associated with negative feedbacks in O_• concen- 
tration changes through dry deposition and chemistry. However, 
nonnegligible O3 concentration differences occur (•5%) between 
the two schemes up to an altitude of about 1.5-2 km. 

Nitric acid vapor: Figure 5 shows the January average 
global VdHNO 3 distribution. The VdHNO 3 over all surfaces, 
except snow/ice covered surfaces, is controlled by turbulent 
transfer. The limiting influence of the surface temperature 
dependent snow/ice resistance is clearly visible in Canada and 
Russia. Very large VdHNO 3 values, up to 7.5 cm s-• occur in 

mountainous regions as a result of a large surface roughness. 
Over land, I/•/HNO3 exceeds 2 cm s-• over large areas, while 
over sea the calculated I/•HNO3 ranges between about 0.4 cm 
s-• in subsidence areas and 1.6 cm s -• in areas with large 
windspeeds. Figure 6 shows the relative differences between 
the January average HNO3 concentrations in the model's sur- 
face layer with the "constant VdHNO3" scheme (VdHNO 3 is 0.8 
cm s-• over sea/snow/ice and 2 cm s-1 over land, as used by 
Dentenet and Crutzen [1993]) and the new scheme. Relative 
decreases in HNO 3 concentrations calculated with the new 
scheme compared to the "constant VaHNO3" scheme are as 
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Figure 4b. Relative difference (percent) of the O_• surface layer concentration between the new scheme and 
the "constant 1/•o.•" scheme (see Figure 4a), •ul¾. The isolines are -•5, -15, -5, 5, 15, and 25. 
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Figure 5. Monthly average HNO3 deposition velocity (cm s-•), January. The isolines are 0.1, 0.4, 0.8, 2.0, 
3.0, and 5.0. 

large as 25% in mountainous regions while relative increases 
up to 75% occur in subsidence areas over sea. At higher lati- 
tudes, over snow and ice, there is an increase in HNO3 con- 
centrations due to a relatively small VanNO3 resulting from 
the large surface resistance. However, HNO3 concentrations 
in these areas are relatively small and the contribution of the 
dry deposition to the global HNO3 budget is negligible. 
Changes in HNO3 dry deposition are counteracted by 
changes in wet deposition through concentration changes. 
In general, we calculate only small changes in the 0 3 surface 
layer concentrations as a result of changes in HNO3, com- 
paring our dynamic and the "constant VanNO3" scheme. 

Nitrogen oxide and nitrogen dioxide: The monthly average 
global VaNO/NO2 distributions have similar global distribution 
patterns as Vao3. The values of VdNO2 and VaNO are about 2/3 
and 1/10 those of O3 above vegetation and bare soil, respec- 
tively. Over sea, VaNO/NO2 is about 10 -s cm s -• and does not 
show any significant diurnal or seasonal cycles. There are no 
significant relative differences in NO and NO 2 surface layer 
concentrations between our scheme and the "constant VaNO•" 
scheme (VaNo is 0 cm s-• over sea/snow/ice and 0.04 cm s-• 
over land, and VANO2 is 0.1 cm s -• over sea/snow/ice and 0.25 
cm s -• over land [Dentenet and Crutzen, 1993]) although 
NOx deposition fluxes change markedly (see section 4.3). 
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Figure 6. Relative difference (percent) of HNO 3 surface layer concentration between the new scheme and 
the "constant Vau•o3" scheme (see Figure 4a), January. The isolines are -25, -10, 10, and 25. 
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Table 3. Relative Differences and Absolute Levels of 03, HNO3, and NOx Dry 
Deposition in Four Approximately Equal Areas of the Globe Comparing the "Constant 
Fax" Scheme and the New Dry Deposition Scheme 

03 (Tg 03) HNO3 (Tg N) NO• (Tg N) 

January July January July January July 

90ø-30 ø N 0 (6.7) 7 (19.4) -7 (0.17) 3 (0.74) -29 (0.46) 15 (0.36) 
300-0 ø N -10 (15.1) -7 (15.8) 0 (0.39) -2 (0.53) -8 (0.21) -2 (0.13) 
00-30 ø S 3 (8.9) -10 (10.7) 3 (0.25) 2 (0.37) 3 (0.08) -10 (0.17) 
300-90 ø S -6 (1.3) -5 (3.5) 0 (0.01) 13 (0.02) 0 (0.00) -17 (0.01) 

Global -4 (31.9) -2 (49.5) -3 (0.82) 1 (1.65) -20 (0.75) 4 (0.67) 

Differences are in percent. Values in parentheses are absolute levels. Positive values indicate an increase 
in deposition calculated by the new scheme compared to the "constant l/dx" scheme. 

These changes are balanced, however, by feedbacks in the 
chemistry. 

4.3. Global Changes Due to the New Scheme 

Table 3 shows the relative differences and the absolute levels 

of 03, HNO3, and NOx deposition in four approximately equal 
areas of the globe (00-30 ø and 300-90 ø N and S), comparing the 
new scheme and the "constant Fax" scheme for January and 
July (for the calculation of relative differences, see section 4.2). 
Relative differences of dry deposition in the NH are up to 10% 
for 03, 7% for HNO3, and 29% for NOx. The dry deposition of 
0 3 and NOx shows a distinct difference between January and 
July due to a dependency on surface characteristics and vege- 
tation activity. The relative differences integrated over the en- 
tire globe are small for 03 and HNO 3. Application of our new 
deposition scheme for NOx is most significant for the NH, 
where dry deposition decreases in winter and increases in sum- 
mer. Although the differences in trace gas deposition and sur- 
face layer concentrations on a global scale may not seem dra- 
matic, regional differences can be significant. Moreover, the 
new scheme contributes to internal consistency of the model, 
in particular with respect to diurnal and seasonal cycles in the 
chemistry, turbulent exchange processes and surface charac- 
teristics that control dry deposition. 

5. Discussion 

The new model routine presented improves the calculation 
of deposition velocities at different locations with various cov- 
erages. However, there are still shortcomings which need to be 
improved in future versions. Some uncertainties involving the 
calculation of R ax, and Rsurf are discussed next. 

Uncertainties in Rax: One possible error in Rax is intro- 
duced by the violation of the constant flux layer approach for 
reactive trace gases. Chemical transformations can modify the 
local turbulent transfer rates if the time scale for chemical 

reactions is much smaller than that of turbulent diffusion. Pho- 

tochemical reactions between NO/NO 2 and 0 3 can be quite 
rapid, with time scales comparable to those of turbulent trans- 
fer at a height of 1 m above the surface. For example, in 
regions with strong NO emissions, titration of 03 can be sig- 
nificant. Above • 1 m, the timescale of turbulent transfer in- 
creases with height, so that chemical reactions can become 
increasingly important in the surface layer [Gao et al., 1991]. 
The aerodynamic resistance, calculated at the model's refer- 
ence height of 30 m through (4), might therefore not be rep- 
resentative for the turbulent transfer of these trace gases from 

this reference height to the surface. If the aerodynamic resis- 
tance significantly contributes to the total resistance, ignoring 
the effects of chemical reactions on deposition velocities of NO 
and NO 2 may cause errors. However, under most conditions 
the effects of rapid chemical reactions on the 03 deposition 
velocities are expected to be small [Gao et al., 1991]. Violation 
of the constant flux approach can become significant in regions 
with relatively small surface roughness, for example, water, 
snow, ice, bare soil, and vegetated surfaces with low canopies. 
However, these regions mostly do not have strong NO emis- 
sions. Future studies should focus on the relevance and a 

possible solution of this problem since chemistry and transport 
calculations are not treated simultaneously in the model. 

A second source of errors in calculating R•x is the use of 
ECHAM's surface roughness for momentum (Zo,•) as a sub- 
stitute for that of trace gases. In the current version of the 
model, Z o,• also accounts for the large scale orography, in 
addition to the representation of local surface roughness. This 
results in extremely large Zo, • values for some locations (20 m). 
In this work, a correction for differences between Zo,• and Zox 
has been applied by defining a QBR. However, a more repre- 
sentative ratio Of Zo,• and Zox may be used in the calculation of 
the QBR (see equation (5)), or the definition of a representa- 
tive local surface roughness to compensate for overestimation 
of R•x over regions with a large zo,•. Changing the surface 
roughness from its original value of 0.2 m (surface roughness 
for northwestern Europe), to 5 m resulted in average relative 
difference in l/ao 3 of 11% with maximum relative differences 
of about 40%. In ECHAM, areas in the western part of South 
America, Central America, and the Himalaya, have large sur- 
face roughnesses of 5-15 m, causing very large deposition 
velocities, especially for HNO3. In southern South America the 
scheme computes relatively large 03 deposition velocities, 
even though the surface resistance is relatively large, which can 
be attributed to a large surface roughness and a small R•x. 
Hence, in future versions of the scheme the model surface 
roughness description must be improved for dry deposition 
calculations. 

A possible bias in the model, related to the definition of the 
surface roughness, is the use of ECHAM's reference height of 
the lowest layer (•30 m) as reference height for the dry dep- 
osition velocity. For small surface roughness and stable condi- 
tions the reference height might be higher than the constant 
flux layer while for very large surface roughnesses, the refer- 
ence height might be located within the roughness layer; in 
both cases this results in a violation of the constant flux ap- 
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proach. However, we think that based on the relatively small 
area with large surface roughness (>2 m), the small contribu- 
tion of the deposition during stable events in the total deposi- 
tion, and a height of the constant flux layer of about 50 m 
during daytime, using ECHAM's reference height is a good 
compromise between maintaining consistency in the model 
and minimizing possible errors. 

An additional source of uncertainty is the neglect of a rep- 
resentative local displacement height (see equation (4)) in our 
model which would be more appropriate to use for trace gas 
exchange. Information concerning the canopy structure is re- 
stricted to the LAI and the vegetation ratio. The canopy height 
of each vegetation class, which could be used to estimate a 
local displacement height d, is not defined in the model. Sen- 
sitivity analysis indicates that I/dHNO •, which is largely con- 
troY, ted by R,x, increases about 15% for an (extreme) increase 
in d of 15 m. The relative errors in the O3 and NO/NO2 
deposition velocities are small (-2%). 

Uncertainties in Rs•,rf: As a consequence of the coarse grid 
resolution of the model, there are large uncertainties in factors 
which control the surface resistance. One aspect is the small 
selection of different vegetation classes. It is shown in the 
results, based on the comparison of calculated and observed 
O3 deposition velocities, that a more sophisticated distinction 
should be made between different vegetation classes, for ex- 
ample, tropical forest and evergreen trees. The canopy struc- 
ture is crudely defined in the ECHAM model, for example the 
LAI and canopy height for different vegetation classes are not 
distinguished. The seasonal cycle in the vegetation fraction is 
only coarsely represented (only winter and summer values), 
while the LAI is assumed to be constant throughout the year 
for all vegetation classes. The constant LAI of 4 is used for 
upscaling the leaf resistance to a foliage resistance in this 
version of the dry deposition model for internal model consis- 
tency. However, due to shade effects and the extinction of 
turbulence within a canopy, linear scaling with LAI is inaccu- 
rate for LAI larger than 2-3. Furthermore, the LAI is used to 
determine the bulk canopy resistance (equation (7)), resulting 
in a nonvariable contribution of the soil resistance to the bulk 

resistance for all vegetation classes. Sensitivity analysis, using 
an LAI of 1 instead of 4, showed a relative difference in the 
l/do3 of 10-20%. Improvement of the LAI representation, for 
example, adapting seasonally representative LAI values for a 
more appropriate selection of different vegetation classes, will 
be involved in the future. An advancement planned in the 
representation of the canopy structure, expressed by the LAI, 
a local displacement height and local surface roughness, will be 
the use of the Olson vegetation data set [Olson e! al., 1985] in 
which the distribution of 46 global ecosystems and their char- 
acteristics are defined. 

Further, the compensation point in the NO 2 uptake process 
by vegetation may be improved in future versions of our 
scheme. Johansson [1987] observed NO2 emissions from Scots 
Pine in enclosure experiments at concentrations below the 
compensation point of 1-3 ppb. In the model, coniferous for- 
ests cover large areas of Alaska, Canada, northern Europe and 
northern Russia, while calculated NO2 concentrations in the 
surface layer during July are less than 1 ppb over these areas. 
If the compensation point as observed by Johansson [1987] and 
Thoene e! al. [1991] is representative for coniferous forests, 
more NO x will remain in the atmosphere over these areas since 
dry deposition may be negligible whereas emissions of NO are 
conceivable. 

The effect of foliage wetness on the deposition process has 
been investigated in several recent dry deposition studies [Bal- 
docchi, 1993; Chameides, 1987; Fuentes et al., 1992; Wesely, 
1989]. For example, deposition of HNO_• to a wetted foliage is 
entirely determined by R,x [ChameMes, 1987]. Foliage wet- 
ness might significantly alter the surface resistances of the less 
soluble trace gases NOx and 03. An enhanced O3 deposition 
due to foliage wetness has been measured above a deciduous 
forest by Fuentes et al. [1992]. Their observations indicate that 
mechanisms, other than stomatal uptake contribute to the O3 
deposition when the foliage is wet. Various assumptions have 
been made in deposition models regarding the effect of foliage 
wetness on O 3 uptake. Early models assumed a decrease of the 
uptake of 0 3 under wet conditions. More recent models make 
a distinction between foliage wetness caused by rain and by 
dew to account for their different chemical compositions [We- 
sely, 1989]. In our scheme, the effect of foliage wetness on dry 
deposition due to rain or dew has not be treated separately 
since foliage wetness in the ECHAM model (water in skin 
reservoir) is the net result of both processes. In future, a 
parameterization by Chameides [1987] may be incorporated, 
especially when the dry deposition scheme is extended to sol- 
uble trace gases such as SO2. 

The soil resistance for ozone of 400 s m-• adopted in our 
scheme, may be relatively large. However, evaluation of the O 3 
deposition velocities over vegetated surfaces indicates reason- 
able agreement between observed and calculated O3 deposi- 
tion velocities. Decreasing the soil resistance to about 100 s 
m-•, a value often used in other schemes, would result in a too 
large l/ao 3 in absolute terms and in its amplitude in the diurnal 
cycle. The average l/ao 3 over sand is about 0.3 cm s-• [Sehmel, 
1980], while the calculated l/do • in the desert areas of North 
Africa and the Middle East ranges from about 0.25 up to 0.5 
cm s-•, which justifies the choice of r•o• = 400 s m -• for 
ozone. The NO• soil resistances adopted are debatable since 
these are based on observed exchange rates of NO• which may 
represent the net effect of NO• uptake and NO emission. NO 

--1 

deposition to soils is ignored and a soil resistance of 600 s m 
has been adopted for NO2, yielding a deposition velocity of 2/3 
the O3 deposition velocity over vegetation. Considering the 
uncertainties, the calculated NO• deposition velocities over 
surfaces with significant soil uptake should be interpreted with 
care. It is important to improve the parameterization of the 
soil uptake process in future because the soil resistance basi- 
cally determines the dry deposition during nighttime due to the 
large foliage resistance. Furthermore, introduction of an LAI 
seasonal cycle will result in an increased contribution of r•o• to 
the surface resistance during winter and for vegetation classes 
with small LAI values throughout the year. As for the canopy 
representation, soil data bases will be used to distinguish dif- 
ferent soil types and this information will be combined with 
ECHAM parameters, for example, soil wetness, to calculate 
more representative soil resistances for different locations in 
future versions of the model. 

The calculated HNO3 snow/ice surfaces resistances should 
be evaluated using additional observations. The O 3 and NOx 
deposition are relatively small because of the large water and 
snow/ice resistances. An exact definition of the NO• water and 
snow/ice surface resistance is not required since the deposition 
process to water and snow/ice surfaces remains very slow com- 
pared to the gas phase reactions [Lee and Schwartz, 1981]. 
However, even with relatively low l/do 3 values over these sur- 
faces, the contribution of O3 deposition in the overall budget is 
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still significant due to their large areal extent and relatively 
slow gas phase reactions. For a deposition velocity of about 
0.05 cm s-• and an average height of the model's lowest layer 
of 60 m, the time constant of dry deposition process is 1-2 days, 
while the average lifetime of ozone in lower troposphere is 
about 10 days. Thus deposition to water/snow/ice is very sig- 
nificant for the ozone budget of the lower troposphere. This 
emphasizes the need for a more sophisticated definition of the 
dry deposition process to these surfaces in future. 

6. Conclusions 

Even though considerable uncertainties remain, the dry dep- 
osition scheme calculates realistic deposition velocities of 03, 
HNO3, and NOx over most locations for different meteorolog- 
ical conditions, consistent with diurnal and seasonal cycles in 
both the chemistry and the planetary boundary layer processes 
and surface characteristics that control dry deposition. This not 
only improves the overall model performance but also the 
possibility to compare the model output with experimental 
results since most measurements are performed at the surface. 
In general, we calculate distinct diurnal and seasonal cycles 
with relatively large deposition velocities during daytime and 
summer, and lower deposition velocities during nighttime and 
winter. Incorporation of the scheme in the chemistry general 
circulation model ECHAM yielded significant changes in the 
deposition fluxes and concentrations in the lower troposphere 
compared to a scheme using constant deposition velocities. For 
example, the new scheme calculates up to about 25% lower 03 
concentrations in the surface layer in the summertime conti- 
nental NH. Dry deposition of HNO 3 is to a large extent con- 
trolled by the aerodynamic resistance R,, while that of 03 and 
NOx is determined mostly by Rsurf, that is, rsoil and rveg. How- 
ever, R,, is also strongly influenced by surface characteristics, 
which emphasizes the great importance of realistic represen- 
tations of these parameters in future versions of the dry dep- 
osition scheme. 
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