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ABSTRACT 

Using results obtained from experimental studies of the atmospheric transport of 
sensible heat, water vapour and momentum over the sea, deposition velocities of sol- 
uble and raactive trace gases are evaluated. The deposition velocities that result vary 
with the height of observation; they are nearly linearly dependent upon wind speed 
and are a function of the prevailing stability regime. In near-neutral stratification, i t  
appears best to take the deposition velocity to  be about 0.13 % of the wind speed when 
observations are made at 10 m height. When data are collected at 1 m height, this 
factor becomes about 0.2 ”/. Although the evaluations are intended to  apply particu- 
larly to the case of SO, transfer, consideration of the molecular diffusivities of other 
gases that are similarly reactive (e.g., NH,, HCl, NO, and SO,) suggests that less than 
10 yo error will result from adopting the present results for SO, for these gases as well. 
When the liquid phase resistance is important, as is the case for CO, for example, then 
the deposition velocities are decreased to  a limiting lower value specific for each gas. 
The present model considers only the simpler case in which the liquid phase resistance 
is negligible. 

1. Introduction 

Studies of the global budgets of atmospheric 
contaminants, and the associated schemes in- 
tended to  predict concentrations near the sur- 
face, necessarily incorporate some formulation 
of the surface deposition. Empirical determina- 
tions of the appropriate deposition velocity are 
often used, applied through the familiar rela- 
tionship 

F ,  = P r P ,  (1) 

This permits evaluation of the surface flux F p  
from the contaminant concentration p ,  at ob- 
servational height z. Clearly, eq. (1) hides a 
host of effects in its simplicity. Among these 
are such obvious influences as those of surface 
roughness, wind speed, atmospheric stability, 
and the often overlooked though fundamental 
dependence of vF on the height at which con- 
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centrations are measured. Over water surfaces, 
the uncertainties involved in applying eq. ( 1 )  
are compounded by the relative insolubility of 
some gaseous pollutants, the sensitivity of the 
liquid-phase reactions of some gases to  the p H  
of the solution, and the presence of surface films 
(natural and anthropogenic). Furthermore, i t  
does not seem likely that accurate experimental 
evaluations of vD are possible in those intract- 
able situations that characterize much of the 
open ocean. Thus it appears that  evaluations 
of the surface deposition of, say, SO, at sea 
must depend upon estimates of up that  are ob- 
tained in other circumstances or by deduction 
from some other relationships. 

Recent investigations of the chemical be- 
haviour of various pollutants at an air-water 
interface (e.g. Broecker & Peng, 1974; Liss & 
Slater, 1974) suggest that  the reaction rates in 
the liquid phase are reasonably well understood. 
Liss (1971) has considered such matters as the 
influence of solution p H  on the affinity of natu- 
ral vxtcrs  for SO, and, using rather rudi- 
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mentary estimates of the atmospheric transfer 
coefficients, has derived deposition velocities 
for SO, transfer across the air-sea interface 
that are in broad agreement with experimental 
results obtained over relatively calm water and 
other surfaces (e.g. Garland et al., 1973; Whelp- 
dale & Shaw, 1974). In an alternative approach, 
Hicks (1974) has derived gross SO, deposition 
velocities by considering the roles of atmospheric 
stability and wind speed in the deposition pro- 
cess. In this work, SO, was assumed to be re- 
moved instantaneously upon impact with the 
water surface, and the deposition velocities 
that resulted were again found to be in fair 
agreement with experimental results. The gen- 
neral case that incorporates realistic descrip- 
tions of both chemical and atmospheric factors 
has not been thoroughly addressed. It is the 
present purpose to combine the methods of 
Liss (1971) and Hicks (1974) in order to derive 
theoretically-based deposition velocities that 
are appropriate to a wider range of conditions 
than have been studied experimentally. In  the 
present analysis, only those gases that are very 
reactive at the surface will be considered; thus 
the water-phase resistance will be ignored. 

2. The atmospheric turbulent 
deposition velocity 

It is readily shown that integration of the 
common micrometeorological flux-gradient rela- 
tionship describing the potential temperature 
gradient yields 

T, -To = (H/ec,ku*).[ln ( Z / Z H )  -Y,(z/L)I (2) 

where symbols are as appended. Here, the func- 
tion YH(z /L)  is Panofsky’s (1963) stability de- 
pendent integrated departure from neutral of 
the dimensionless potential temperature gradi- 
ent. In  keeping with current practice, atmos- 
pheric stability is characterized by the ratio 
z /L ,  where L is the Obukhov scale length of 
turbulence. Many experimental studies have 
been made of the form of the Y-function. In the 
analysis that will follow, the recommendations 
of Dyer (1974) will be accepted, namely 

YM,H,  = - 5.2 z/L 

in stable conditions (as suggested by Webb, 
1970). For unstable conditions the tabulated 
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values of Dyer & Hicks (1970) will be used. 
The behaviour in unstable conditions can be 
approximated by 

In (Y,) = 0.032 + 0.448 (In ( -z/L)) - 0.09 

(In ( -Z/L)), 

and 

In (YH, w) = 0.598 +0.390 (In ( -z /L))  -0.090 

(In ( -z /L)) ,  (3b) 

In the case of the transfer of some generalized 
contaminant p to the surface, the relationship 
analogous to eq. (2) is 

For the case of momentum, this becomes 

uz -uO = (%jk) * (In ( z / z O )  - Y M ( z / L ) )  (5) 

I n  eq. (5), the constant of integration, z,, 
can be interpreted as a length scale associated 
with the transfer of momentum at the surface, 
namely the familiar roughness length. The simi- 
lar parameter appearing in eq. (2) is some- 
times termed the “thermal roughness length” 
for sensible heat transfer. In the same way, in 
relations of the form of eq. (4), concerning pol- 
lutant transfer, it  seems appropriate to con- 
sider zg as a diffusive length scale that specifies 
the rate of uptake of the contaminant p at the 
surface. The descriptive term “capture length” 
has been suggested and will be used here for zg. 

It should be noted that X, and p ,  are for- 
mally the temperature and pollutant concentra- 
tion at the heights z H  and zg respectively. It 
can be shown that there is no loss of generality 
over oceans by taking these to be the actual 
surface values. Both experimental and theo- 
retical studies of the surface drift velocity uo 
have shown that U,,--NU* (Roll, 1965; Hess, 
1975), and exact equality will be assumed here. 

Specification of the (momentum) roughness 
length that is appropriate to the open ocean is 
a problem that has confronted researchers for 
a considerable time. While much early work 
tended to suggest that the oceanic drag coef- 
ficient was approximately constant, recent ex- 
periments utilizing direct measurement of the 
momentum flux (as summarized by Wieringa, 
1973, and by Smith, 1973) support a linear rela- 
tionship between the drag coefficient and the 
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near-surface wind speed. A simple means of 
formulating this increase has been given by 
Charnock (1955), who uses dimensional argu- 
ments to relate the roughness length for a fully 
developed sea to the surface momentum flux 
and the acceleration due to gravity. In  light 
winds we will assume that the surface is aero- 
dynamically smooth, although there is some 
contrary evidence (Sheppard et  al., 1972). The 
form describing the long-fetch oceanic case that 
is adopted for use here is 

z,, = ~ / 9 . l u ,  +0.016u:/g (6 )  

which is essentially an interpolation formula 
between the aerodynamically smooth case (with 
Y being the kinematic viscosity of air) and Char- 
nock’s relationship. The factor 0.016 has been 
determined experimentally (eg.  see Hicks, 
1972). 

Comparison between eqs. (1) and (4) shows 
that an  eddy deposition velocity ue can be ex- 
pressed as 

(7)  

provided p,,--i p ,  (essentially requiring that sur- 
face uptake of the contaminant bc extremely 
efficient). I n  the case of particulate transfer, it  
is clearly necessary to consider gravitational 
settling as well, but for gaseous transfer this 
may be ignored. 

3. Stability corrections and the 
capture length 

The form of the dependence of Y’, upon 
stability might sometimes be a critical con- 
sideration, particularly in the highly stable and 
unstable situations that often occur in light 
winds and near shorelines. I n  this connection, 
the mass transfer of water vapour has received 
quite intensive study. Whereas early workers 
commonly assumed that the atmospheric ver- 
tical transport of water vapour was controlled 
by relationships similar to those appropriate 
for momentum, later empirical studies showed 
that this was not the case in unstable conditions 
(Crawford, 1965; Dyer, 1967). Rather, it  ap- 
peared (and is now widely accepted) that water 
vapour is transferred in a manner similar to the 
flux of sensible heat. There is now some ex- 
perimental evidence which suggests that  the 

vertical flux of any passive contaminant can 
also be described in the same way as the trans- 
fer of heat. I n  particular, this is supported by 
field studies of the atmospheric transport of 
ozone (Galbally, 1971) and CO, (Sinclair et ul., 
1975). Here, we will assume that the transfer 
of the gaseous property p is described by the 
same forms of the Y-functions as have been 
determined empirically for the case of sensible 
heat. No contrary experimental results are 
known to us. 

Likewise, we will take the capture length for 
soluble and reactive gases to be given by the 
same relationship that has proved to be suf- 
ficiently accurate for the thermal roughness 
length in the case of sensible heat transfer, 

z ,  2: DJku, 

where D, is the molecular diffusivity of the 
quantity p .  This simple relationship follows 
formally from the assumption that eddy and 
molecular diffusivities are additive. The validity 
of this assumption has been examined by Gar- 
ratt & Hicks (1973). The results of many field 
experiments conducted over water verify the 
general form of eq. (8) for the specific case of 
sensible heat transfer (Hicks, 1975). Although 
i t  might be expected that eq. (8 )  would be in- 
appropriate in high wind spced situations such 
as those which normally characterize much of 
the ocean, i t  appears that tlie approximation is 
sufficiently accurate for most purposes, up to  
a wind speed of about 15 m s-l. No direct 
examination of the applicability of eq. (8 )  to 
the case of the surface deposition of a particular 
pollutant has yet been made, but the overall 
agreement between predicted and observed 
water vapoiir transfer coefficients suggests that  
extrapolation of the relationship to the case of 
gas transfer is justified. 

4. The surface reaction resistance 

From consideration of the solubility and 
chemical reactivity of SO,, Liss (1971) has 
evaluated the gas and liquid phase components 
of the total resistance to exchange of this gas 
across an air-water interface. Subsequently, 
Liss & Slater (1974) have extmded the analysis 
to the transfer of many gases, including the 
environmentally important trace constituents 
N,O, CO, CC1,F and CCI,. In most cases, the 
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Fig. 1 .  Isopleths of the ratio (w,/u) x los relevant 
t o  observations made at 10 m height (solid lines) 
and 1 m height (broken lines) over open ocean. 
To - T, is the virtual potential temperature dif- 
ference between the surface and the height of ob- 
servation and 91 is the wind speed at the same level. 

gas solubility is such that the net transfer to 
or from the overlying air is largely controlled 
by processes in the liquid phase. An important 
exception is SO,, whose exchange for solution 
pH > 4 is almost totally dominated by the gas 
phase resistance. Thus for sea water (pH = 

8.0 +0.2), transfer of SO, from the atmosphere 
will be controlled solely by atmospheric pro- 
cesses. Similarly, the exchange of other gases 
of high solubility or rapid aqueous phase reac- 
tion rate (e.g. NH,, NO,, SO, and HCl) is al- 
most certainly also controlled by resistance in 
the gas phase. The treatment derived in this 
paper would seem to be applicable to all such 
gases, but not to those for which liquid phase 
resistance (i.e. transport in the water) plays an 
appreciable role. This is because turbulence in 
the liquid and gaseous phases cannot be speci- 
fied in the same way, e.g. in wind tunnel ex- 
periments the exchange rate for gases under 
liquid phase control varies approximately as the 
square of the wind speed, whereas in the case of 
gases for which gas phase resistance is control- 
ling the rate of exchange it is nearly propor- 
tional to the wind speed (Liss, 1973). 

5. Net deposition velocities for SO, 
The procedures outlined above have been 

combined to give the net deposition velocities 
illustrated in Fig. 1. Since both wind speed 
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and atmospheric stability are important con- 
siderations, the results are presented as iso- 
pleths on a velocity-potential temperature dif - 
ference plane. In  the present considerations of 
over-water fluxes, it is clear that the buoy- 
ancy of water vapour cannot be neglected in 
specifying the stability regime, and hence vir- 
tual potential temperature differences are em- 
ployed in Fig. 1. 

Evaluations have been performed relative to 
an assumed height of observation of 10 m, aa 
is commonly employed in meteorological work 
a t  sea. The property illustrated in Fig. 1 is the 
ratio we/ul0, chosen in order to emphasize the 
influence of atmospheric stability. The proce- 
dure by which the values of v,/ulo have been 
derived is relatively straightforward, and fol- 
lows immediately from the various relationships 
that have been presented. Specifically, for a 
series of assumed values of the friction velocity 
u* and of the atmospheric stability z /L ,  cor- 
responding wind speeds at  10 m height have 
been evaluated using eqs. (3), (5) and (6). Then 
eqs. ( 7 ) ,  (8) and (3) have been used to deter- 
mine the appropriate deposition velocities and 
the desired ratios have been constructed. To 
locate each value obtained in this way in the 
plane of Fig. 1, corresponding surface to air 
temperature differences have been calculated 
from eq. (2).  It is obvious that evaluation of 
deposition velocities appropriate to measure- 
ments made at some other height can be derived 
with ease. The dashed isopleths of Fig. 1 il- 
lustrate the results that apply to measurements 
made a t  a height of 1 m above the sea. Depo- 
sition velocities applicable to measurements 
made at 1 m height are seen to be about double 
those appropriate at  10 m. 

It is immediately apparent, in Fig. 1, that 
strong atmospheric stability effects must be ex- 
pected to occur in light wind situations, when 
effective deposition velocities for SO, transfer 
may change by a factor of more than three in 
constant winds. Moreover, the fundamental role 
of wind speed underlines the requirement that 
atmospheric conditions be carefully specified 
in any thorough study of the fluxes of SO, or 
similarly reactive gases. In  neutrally stratified 
conditions, the SO, deposition velocity may be 
taken to be about 0.13% of the wind speed 
when measurements are made at 10 m height, 
or about 0.2% of the wind speed when meas- 
urements are at  1 m. 
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6.  Discussion 

Comparisons between the predicted deposi- 
tion velocities indicated by Fig. 1 and experi- 
mental data are quite difficult and the results 
are often misleading. For example, many of the 
empirical values that appear in the literature 
are derived from studies conducted in wind 
tunnels, with obviously constrained surface 
wave structure. Any method of extrapolating 
such results to the case of open ocean is of 
doubtful value. Direct determinations of vp 
over large water surfaces are exceedingly rare; 
however, the often quoted value of about 1 cm 
s-1 for the SO, deposition velocity is in good 
agreement with the present predictions in mod- 
erate winds. In higher winds, such as normally 
occur in high southern latitudes, the present 
model suggests that substantially greater de- 
position velocities are appropriate. 

The behaviour of other highly soluble trace 
gases, such as NH, and NO,, should be well de- 
scribed by the present model. Each of these 
gases exhibits an atmospheric diffusivity that 
differs from that of SO, by less than a factor of 
about 2. The inherent insensitivity of the pre- 
dicted deposition velocity to changes in the 
capture length (since it appears within a loga- 
rithmic term in eq. ( 7 ) )  suggests that the pres- 
ent evaluations may be sufficiently accurate 
for relatively general application. In fact, the 
errors involved in applying the results of Fig. 
1 to the case of NH,, for example, should not 
exceed 10%. Table 1 allows a comparison of the 
predicted values of v J 5  for a range of suffici- 
ently reactive gases, evaluat,ed for two wind 
speeds and for various heights of applicability. 
For purposes of this tabulation, the atmosphere 
is assumed to be neutrally stratified. 

7. Conclusions 

The evaluations that are illustrated in Fig. 1 
are derived from three basic assumptions re- 
garding the behaviour of SO, in the vicinity 
of an air-water interface. Firstly, it is noted 
that the gas is highly soluble and chemically 
reactive in the water and hence the surface 
transfer is primarily controlled by the resist - 
ance in the gas phase. Secondly, the effective 
capture length for SO, transfer is assumed to 
be described by a relationship similar to that 

Table 1.  Predicted values of the ratio of the depo- 
sition velocity to the wind speed for several trace 
gases 
The atmosphere is assumed to neutrally stratified. 
The height of observations is specified as z 

(v&) x 108 
z 
(m) SH, H,O HC1 NO2 SO, SO, 

5 = l O m  s-l 10 1.4 1.4 1.3 1.3 1.3 1.3 
5 1.6 1.6 1.5 1.5 1.5 1.5 
2 1.9 1.9 1.8 1.8 1.8 1.7 
1 2.2 2.2 2.1 2.1 2.1 2.1 

5 = 5  m s-l 10 1.3 1.3 1.3 1.2 1.2 1.2 
5 1.5 1.8 1.4 1.4 1.4 1.4 
2 1.8 1.8 1.7 1.7 1.7 1.6 
1 2.1 2.1 2 .0  1.9 1.9 1.9 

which has been shown to be sufficiently ac- 
curate in the cases of sensible heat and water 
vapour (eq. 8). Thirdly, transfer within the air 
near the surface is assumed to be governed by 
the same flux-gradient relationships that have 
been well documented in the cases of sensible 
heat and water vapour transfer; this is also 
supported by recent data on surface fluxes of 
both 0, and CO,. It appears that the assump- 
tion most susceptible to error is the second. 
Obviously, careful field experiments designed 
to evaluate the capture lengths relevant to the 
transfer of trace gases should be conducted. 

Although limited by the accuracy of the as- 
sumptions involved, the present model allows 
estimation of the commonly required deposition 
velocity as a function of wind speed, atmos- 
pheric stability, and height of observation. 
The well-established near-linear dependence 
upon wind speed is confirmed, as is the experi- 
mental finding that deposition velocities are 
considerably smaller in stable than in unstable 
conditions. The model appears to be applicable 
to all trace gases for which liquid phase re- 
sistance can be ignored. Moreover, the deposition 
velocities of such gases seem to be quite simi- 
lar, with differences rarely exceeding 10%. On 
the whole, the most appropriate value of the 
gaseous deposition velocity for oceanic applica- 
tion that is suggested by the analysis is about 
0.13% of the wind speed when observations are 
made a t  10 m height, increasing to about 0.2% 
for measurements at 1 m. 

Experimental testing of the predictions de- 
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rived from the present model is obviously re- 
quired, particularly in steady-state, long-fetch, 
near-neutral situations. Furthermore, the as- 
sumptions adopted regarding the physical pro- 
cesses involved need to be verified. Since the 
roles of surface roughness and of atmospheric 
stability are quite important, it appears that 
the experimental resolution of the obvious 
questions that arise from the present treatment 
will require rather thorough micrometeorologi- 
cal support in the form of accurate measure- 
ments of the surface momentum flux and heat 
transfer as well as of the fluxes and concentra- 
tions of the gases of particular interest. 

Appendix 

c, Specific heat of air at constant pressure 
D, Molecular diffusivity of the trace property 

p in air 
F,  Flux to the surface of the property p 
H Sensible heat flux 

k von Karman’s constant (about 0.4)  
L The Obukhov length scale 
pz Concentration of the property p in air at 

height z 
T, Potential temperature at height z 
T, Virtual potential temperature 
uz Wind speed at height z 
u* Friction velocity 
v, The deposition velocity directly associated 

with atmospheric eddies 
v, The total (net) deposition velocity of the 

property P 
z Height above the surface 
zH Roughness length associated with sensible 

heat transfer 
z,, The conventional, momentum, roughness 

length 
z, The roughness length associated with the 

vertical flux Fp 
v Kinematic viscosity of air 
e Density of air 
Yi Panofsky’s stability correction function for 

the cases identified by the subscript i. 
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