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ABSTRACT 

Vertical gradients of sulphur dioxide concentration have been measured over grass, 
snow, and water surfaces in order to assess the importance of these surfaces as SO, 
sinks. Concentrations were usually found to  be lower near the surface indicating that 
removal occurs there. Vertical concentration gradients, normalized with respect to  the 
concentration at 8 m, were generally greatest over water and least over snow, inde- 
pendent of meteorological conditions, suggesting that a water surface is the strongest 
SO, sink, with grass next, and snow weakest. The turbulent transfer of SO, to the 
interface is discussed in relation to  stability of the lower atmosphere and physical and 
chemical properties of the surfaces. Using a bulk aerodynamic transfer approach simi- 
lar to that for water vapour, values of SO, flux averaged over periods of from one to  
several hours were found to be of the order of 1 pg m-, s-l to the water and grass sur- 
faces, and an order of magnitude smaller to the snow surface. Deposition velocities 
were found to be of the order of 1 em s-l. 

1. Introduction 

The study of the removal of trace constitu- 
ents from the atmosphere involves a considera- 
tion of the methods of removal and the nature 
and rate of loading of the sink. Three main pro- 
cesses for depletion are well known: cliemical 
transformation to new substances in the at-  
mosphere, wet removal or precipitation scav- 
enging by rainout and washout, and dry re- 
moval processes such as gravitational deposi- 
tion and sorption at the atmosphere-earth in- 
terface. In  order to make a quantitative esti- 
mate of trace constituent removal over a cer- 
tain surface, it is necessary to know the mag- 
nitude of the contributions from precipitation 
scavenging and the various dry removal pro- 
cesses. 

The purpose of this study was to investigate 
the removal of a gaseous trace constituent, 
sulphur dioxide, by grass, snow, and water 
surfaces, as a result of the processes of turbu- 
lent transfer to the interface and subsequent 
sorption there. There has been insufficient work 

1 Present address: Environmental Protection 
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done on this problem of dry removal of SO,, 
considering the abundance of the gas and its 
potentially harmful effects. Martin and Barber 
(1971) investigated SO, loss near a hedge and 
concluded that this vegetation is an effective 
sink for the gas. The uptake rate was found to 
depend upon the wetness of the leaves and the 
degree of stomatal opening. Saito et al. (1971) 
concluded, however, from their measurements 
of SO, flux to a grass surface, that stomatal 
uptake was unimportant. 

Liss (1971) predicted that gas phase resist- 
ance is much greater than liquid phase resist- 
ance for the transfer of SO, to natural waters 
and Spedding (1972) provided laboratory con- 
firmation in the case of sea water. He suggest- 
ed that the oceans may be a major sink of SO,. 
Other laboratory experiments have identified 
vegetation and soil as SO, sinks. Hill (1971) 
showed SO, uptake by alfalfa to be propor- 
tional to the ambient concentration while 
Spedding (1969) found the uptake rate by bar- 
ley to be dependent upon degree of stomatal 
opening and relative humidity. Abeles et al. 
(1971) and Terraglio & Manganelli (1966) ex- 
amined SO, uptake by various soils and found 
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Table 1. A summary of the five experimental periods 

Per cent 
Date of time 

Period (1972) Location Surface SO, present 

1 May 2-24 Niagara Bar, Freshwater 6 
Lake Ontario 

Lake Ontario 

Lake Ontario 

Research Station, 
Toronto 

Research Station, 
Toronto 

2 June 9-21 Niagara Bar, Freshwater 7 

3 Oct 3-16 Niagara Bar, Freshwater 13 

4 Aug 10-Sep 10 Meteorological Grass ( N 10 em) 10 

5 Nov 17-Dee 15 Meteorological Snow 21 

soil moisture content to be an important para- 
meter. Schmitt (1970) examined a variety of 
substances commonly occurring at  the atmos- 
phere-earth interface and found large differ- 
ences in their ability to absorb SO,. It is clear 
from these experiments that the characteristics 
of the sink are critical to sulphur dioxide up- 
take rate. 

I n  addition, work done on the transfer of 
other gases has provided much useful informa- 
tion. For example, Chamberlain & Chadwick 
(1966) conducted a detailed investigation of 
the transfer of iodine from the atmosphere to a 
grass surface; they examined the various trans- 
fer resistances and determined deposition veloc- 
ities for iodine of approximately 0.5 cm s-l. 
Finally, Kellogg et  al. (1972) have recently 
summarized estimates of SO, removal by dif- 
fusion to soil and vegetation on a global basis. 
Such estimates usually assume that all SO, 
reaching the surface is absorbed and that a 
representative SO, Concentration and deposi- 
tion velocity exist. 

The investigation reported here involves the 
measurement of vertical concentration gradi- 
ents of SO, between the levels of 2 m and 8 m 
over grass, snow, and water surfaces. The deple- 
tion of an atmospheric constituent at the in- 
terface may result in a concentration increase 
with height near the surface. The relative im- 
portance of the rate of turbulent transfer and 
the rate of sorption at the surface in control- 
ling the removal will be reflected in the magni- 
tude of the gradient in the first several meters 
above the surface. I f  surface uptake is the rate- 
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limiting process, then there will be an adequate 
atmospheric supply with a resulting small 
gradient. However, if turbulent diffusion is 
rate limiting, this will be reflected in a large 
atmospheric concentration gradient. Thus there 
is reason to expect that the nature of apartic- 
ular sink for a gas will be reflected in the mag- 
nitude of the concentration gradient above it, 
i f  other factors such as meteorological condi- 
tions and ambient concentration are taken into 
account. 

As well as reflecting surface characteristics, 
gradient measurements provide a means of 
estimating SO, fluxes to the surface without 
having a detailed knowledge of the surface 
properties and exchange processes. This enables 
one to evaluate the rate of loading of a sink 
by gaseous transfer and provides a means of 
estimating deposition velocities. 

2. Method 

Data were collected a t  two locations in an 
industrialized region of southern Canada. One 
location was approximately 2 km offshore on 
Lake Ontario (area=19.105 km,) from an an- 
chored barge. (This was part of the Meteoro- 
logical Aspects of Air Pollution Program of the 
International Field Year for the Great Lakes, 
IFYGL.) The other location was the Meteoro- 
logical Research Station of the Atmospheric 
Environment Service located approximately 30 
km from central Toronto. There were no sources 
in the immediate vicinity of the measuring 
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sites to interfere with the gradient measure- 
ments. The date and location of the experi- 
mental periods, the underlying surfaces, and 
the percentage of time during which detectable 
SO, was present are given in Table 1. 

The primary measurements taken were of 
sulphur dioxide concentration a t  two levels, 
usually 8 m and 2 m above the surface. Air was 
continuously drawn through sampling tubes 
mounted on booms extending 2 to 3 m from 
the supporting tower to two analyzing units 
(Philips SO, monitor PW 9700); measurements 
were recorded on paper strip charts. Concentra- 
tion differences were determined by subtrac- 
tion of vaIues from the two traces and by inter- 
changing input tubes from the two levels to 
the same analyzing instrument. Frequent cali- 
bration and zeroing of the instruments as well 
as the interchange of input tubes during epi- 
sodes lead to an expected accuracy in the con- 
centration differences of within + 6  pg m-3 
with tube interchange and +_14 pg m-3 with- 
out. Concentration and gradient values were 
determined as consecutive 15 min averages 
over land and 6 min averages over water during 
episodes of measurable SO, ( > 10 pg m-3). 

In addition to SO, concentrations a variety 
of meteorological parameters were available at 
both locations. HourIy values of wind speed 
and direction, air temperature and water vap- 
our pressure at  4 m, and surface water tempera- 
ture were available from an automatic IFYGL 
meteorological buoy on the Lake. Lake water 
pH and conductivity were also measured. At 
the Meteorological Research Station continu- 
ous recordings of wind speed and direction, and 
air temperature at 10 m and 50 m were avail- 
able, as were daily summaries of relative hu- 
midity and precipitation. 

3. Observations 

Monitoring of SO, concentration was carried 
out continuously during the five periods. Sul- 
phur dioxide occurred for periods of time rang- 
ing from less than one to several hours in dura- 
tion. Each such period when the SO, con- 
centration was above an arbitrary lower limit 
( > 10 pg m-3 over the Lake and > 20 pg m-3 
over land) was termed an episode. SO, was 
present for the percentage of each measuring 
period shown in the last column of Table 1. 

Table 2. Episode average values of S O ,  con- 
centration and gradient for all periods 

A[SO,I _ _ _ _ _  
Dura- AZ 

Episode Date tion (h) (pgm-3) (pgm-3m-l) 

1.2 
1.3 
1.4 
1.5 
1.6 a 

b 
1.8 c 

d 

2.1 
2.2 
2.10 
2.11 

3.7 
3.8 
3.9 
3.11 
3.12 
3.13 
3.14 
3.15 
3.16 
3.17 
3.18 
3.19 

4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.9 
4.10 
4.11 
4.12 
4.13 
4.14 
4.15 

5.1 
5.2 
5.3 
5.4 
5.5 
5.6 
5.7 
5.8 
5.11 
5.12 
5.14 
5.15 

13.05.72 1.5 
15.05.72 0.8 
16.05.72 1.5 
17.05.72 1.2 
18.05.72 1.7 
18.05.72 1.5 
23.05.72 0.5 
23.05.72 2.0 

10.06.72 2.5 
11.06.72 1.3 
16.06.72 0.8 
16.06.72 0.7 

11.10.72 2.5 
11.10.72 8.5 
12.10.72 1.5 
14.10.72 2.8 
14.10.72 0.3 
14.10.72 5.5 
14.10.72 1.0 
14.10.72 0.5 
15.10.72 1.0 
15.10.72 0.3 
15.10.72 0.5 
16.10.72 5.3 

16.08.72 3.5 
20.08.72 2.3 
21.08.72 4.3 
22.08.72 10.0 
24.08.72 7.8 
27.08.72 3.5 
29.08.72 2.8 
30.08.72 6.0 
31.08.72 7.5 
01.09.72 11.8 
02.09.72 2.5 
06.09.72 6.3 
07.09.72 3.0 
08.09.72 3.5 
10.09.72 4.0 

17.11.72 1.5 
18.11.72 3.8 
20.11.72 4.0 
20.11.72 2.0 
21.11.72 1.0 
22.11.72 6.3 
24.11.72 22 
26.11.72 12.8 
05.12.72 10.4 
08.12.72 30.8 
12.12.72 1.6 
12.12.72 8.2 

14 
22 

104 
3 

38 
14 
21 
43 

55 
28 
16 
8 

56 
30 
33 
19 
14 
19 
30 
30 
42 
62 
31 
22 

273 
37 
44 
37 
90 
27 
55 
55 

165 
84 
35 
93 
30 
26 
57 

40 
74 
43 
49 
29 
47 
54 
37 
52 
43 
41 
60 

2.3 
0.9 
2.7 

- 1.; 
2.7 

-0.5 
- 5.3 

5.4 

4.1 
1.9 
1.3 
0.9 

6.3 
3.2 
3.7 
2.3 
2.3 
2.7 
2.3 
2.7 
4.7 
8.0 
3.3 
1.8 

26 
0 
2.3 
3.6 
6.4 
2.4 
4.1 
2.4 

5.9 
3.7 
7.2 
4.9 
2.4 
1.8 

2.3 
2.3 
0.5 
1.5 
0.5 
1.0 
1.4 
1.4 
0.5 
1.9 
2.0 
2.4 

13 
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Episode 4.12 

lSOZ18, = 93 p g  rn-3 

A[S021/Az = 7.2 JJg M 3 d  

- 1 
1 t 

I I 
15 11, 13 12 11 10 - LST 

Pig. 1. Sulphur dioxide concentration chart record 
of episode 4.12. 

A summary of the results of the five measur- 
ing periods is given in Table 2. For each epi- 
sode the following information is given: the 
date, the duration of the episode in hours, the 
average SO, concentration during the episode 
at 8 m, and the average value of the concentra- 
tion gradient during the episode. The 8 m con- 
centration is taken to be representative of the 
ambient level and is used as a reference value. 
Some episodes from periods 1, 2, and 3 were 
rejected because of aerodynamic interference 
caused by the barge. Some of the period 5 
episodes were not used because of an insuffi- 
cient snow cover. 

Table 2 reveals interesting characteristics of 
the different periods. Over the water the aver- 
age concentration during each episode is usu- 
ally less than 60 pg m-3, although individual 6 
min averages often exceeded 100 pg m-3. These 
values are typical of locations tens of km down- 
wind of urban areas. The duration of episodes 
is relatively short indicating that SO, is from 
an urban plume and is not a regional back- 
ground value. Individual 15 min average SO, 
values during period 4 were often as high as 
100 yg m-3 and episode averages are highest 
during this period reflecting the proximity to 
the city; in fact the very high values are thought 
to be from the plume of a large power generat- 
ing station some 20 km distant. Winter con- 
centrations are generally lower than summer 
values although episodes are of longer duration. 
Wind direction is a significant factor in deter- 
mining ambient SO, concentrations. It is seen 
that concentration gradients usually range 
from approximately 1-5 pg m--3 m-1 and, in 
all but three cases over the Lake which are 
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discussed later, are directed downward indicat- 
ing that atmospheric SO, is depleted near the 
surface. 

An example of a chart record from a typical 
episode, 4.12, is shown in Fig. 1. The concentra- 
tion of SO, at two levels is shown as a function 
of time progressing from right to left. The 8 m 
concentration is the difference between the 
upper trace and the broken horizontal line (zero 
value) and the 2 m concentration is the dif- 
ference between the lower trace and the solid 
horizontal line; the upper trace is displaced in 
time to the left by the amount shown. During 
this episode the ambient SO, concentration at 
8 m was 93 pg m-3 and the average gradient 
value was 7.2 pg m--3 m-l. 

4. Discussion 

The results shown in Table 2, demonstrating 
that vertical concentration gradients always 
existed when measurable SO, concentrations 
were present, are very good evidence that this 
gas is removed by the three surfaces investigat- 
ed. Average gradients during episodes over 
water ranged in magnitude from 1 pg m-3 m-l, 
the lower limit of detection, up to 8 pg m--3 m-l; 
over grass they were found to range up to 26 
pg m--3 m-l; and over snow up to 2.4 pg m-3 
m-l. Typical values were approximately 3, 6, 
and 1.5 pg m-' m-1, respectively. Although 
surface sinks for SO, by this mechanism have 
usually been assumed in global sulphur budget 
studies, this has often not been the case in at- 
tempts to parameterize diffusion of this pollutant 
from large point and urban sources, onlocal and 
regional scales, respectively. These results pro- 
vide strong field confirmation that such deple- 
tion does occur and indicate that it must be 
accounted for in budget studies on all scales. 

Although there are a number of regions which 
may pose varying amounts of resistance to the 
transfer of a gaseous substance to earth (for 
example the turbulent boundary layer or the 
interface region), the approach taken here has 
been to  observe whether the overall resistance 
to transfer will be reflected in the concentra- 
tion structure in the turbulent boundary layer 
as shown by gradient magnitudes. It is felt 
that this approach may provide a sufficiently 
good indication of the efficiency of various sinks 
to be of practical use. 

The transfer of a pollutant depends upon 
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... 

Water surface 
Slope = 0.10 m-1 

0 25  50 75 100 125 

SO2 concentrationBm (,us m-3) 

Pig. 2. Vertical SO, concentration gradient as a function of ambient (8 m) SO, concentration over a water 
surface. Points are experimental measurements; line with slope 0.10 m-l is best linear fit through origin. 

three things: first, the source strength, which 
in this case is represented by the ambient SO, 
concentration at  8 m; second, the nature of the 
transfer process in the atmosphere which is a 
function of meteorological conditions; and 
third, the nature of the sink which includes the 
efficiency of the surface exchange processes and 
the capacity of the sink. In  order to assess the 
characteristics of the sink it is necessary to 
eliminate the first two, the effect of source 

strength and the variability of atmospheric 
transfer. This is done in the following way. In- 
dividual vertical concentration gradients from 
all episodes over the water surface were plot- 
ted against their respective ambient concentra- 
tions in Fig. 2. Although there is a considerable 
amount of scatter to the points the results can 
be represented by a linear fit through the origin 
with slope 0.10 m-l. The slope of this line gives 
an average gradient for the surface which is 

Snow surface 

Slope = 0.032 

. . . . .  . . . .  : *  .E 4- 1 - . . . . . . . . . . . . . . . . . . .  ... 
. . a .  

I I 

. . . . . .  . . . . . . . . . .  
50 75 100 12 5 150 

SO concentrationBm(Ug m-3) 2 
Fig. 3. Vertical SO, concentration gradient as a function of ambient (8 m) SO, concentration over a snow 
surface. Points are experimental measurements; line with slope 0.032 m-l is best linear fit through origin. 
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Slope = 0 . 0 8 2  m-1 I 

0 200 LOO 600 

SO2 concentrationgm (,ug m-3) 

Pig. 4. Vertical SO, concentration gradient as a function of ambient (8 m) SO, concentration over a grass 
surface. Points are experimental measurements; line with slope 0.082 m-l is best linear f i t  through origin. 

normalized by ambient concentration. The in- 
dividual values are for an assortment of me- 
teorological conditions which are representa- 
tive of those encountered over the Lake. There- 
fore, the effect of source strength on the gradi- 
ent is removed and the effect of meteorologi- 
cal variability is averaged over, leaving only 
the effect of sink strength. This average nor- 
malized gradient, 0.10 m-l, is representative of 
the water surface; its value relative to those of 
other surfaces is of particular interest. In  Fig. 
3 results are shown for the snow surface. Al- 
though there is even greater scatter, it is clear 
that for a given ambient concentration the 
gradient is smaller than for the water surface. 
The best linear f i t  through the origin here has 
a slope of 0.032 m-l. Fig. 4 shows the results 
over grass. There is an excellent linear relation- 
ship evident here although it should be noted 
that the range of concentrations covered is 
greater by a factor of four. The slope is 0.082 
m-l. 

A comparison of the 3 values shows that sur- 
face uptake is most efficient relative to atmo- 
spheric transport for st water surface, and least 
efficient for a snow surface. A surface which 
did not absorb any SO, would have azerocon- 
centration gradient above it. In  view of the 
recent laboratory results of Beilke & Lamb 
(1974) on the very efficient uptake of SO, by 
water with high pH, such as the oceans, it is 
probable that the water surface investigated 
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here, freshwater with a pH near 8, is as close 
to a perfect sink for SO, as can be found nat- 
urally. Table 3 lists the values of normalized 
gradient obtained for the three surfaces. It 
should be emphasized that it is the relative 
and not the absolute magnitude of these values 
that is important. 

It is now of interest to examine briefly the 
characteristics of the three surfaces which were 
used. As mentioned above the Lake is a fresh- 
water one with a pH of between 8.0 and 8.3 
depending on the time of the year. During the 
measurement periods the surface temperature 
varied between 7 and 15" C. The most impor- 
tant characteristic of this surface in the present 
context is the extremely high solubility of SO, 
in it. Any gas reaching the surface will be im- 

Table 3. A comparison of average normalized 
gradients which represent the efficiency of surface 
removal relative to turbulent transport to the sur- 
face 

Surface 

Water 0.10 
Grass 0.082 
Snow 0.032 
No removal 0 
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Table 4. Episodes for period 4 over grass com- 
paring gradients when the surface is wet and dry 

Epi- Time =/[so,l*m Az 
sode Surface condition (LST) (m-l) 

1 Wet, rain 11-14 0.095 
2 Dry 14-16 0 
3 Dry 11-15 0.052 
4 Dry, (dew) 7-15 0.097 
5 Dry, (dew) 9-17 0.071 
6 Wet, rain earlier 1-2 0.089 
7 Dry 12-14 0.075 
8 Dry 14-18 0.044 
9 Dry, (dew) 8-17 0.079 

10 Dry, (dew) 8-17 0.070 

12  Dry 10-15 0.077 
13 Wet, dew 7-8 0.16 
14  Wet, rain earlier 15-16 0.092 
15 Dry, (dew) 8-13 0.032 

11 Wet, dew 7-9 0.11 

its greater roughness would enhance the ex- 
change. 

As a last comment on the gradients, the three 
episodes over water in which upward-directed 
gradients were measured should be noted. All 
three occurred under the following conditions: 
relatively high concentrations of SO, were pre- 
sent for some time and then an abrupt shift in 
wind direction brought cleaner air over the 
site. SO, concentrations were then found to be 
higher at the 2 m level. These episodes did not 
occur under conditions of unusually high stabi- 
lity nor was such an effect always observed with 
a similar change in meteorological conditions. 
It is tempting to think of desorption of SO, 
occurring from the Lake; but, in view of the 
high pH of the water, very little SO, is ex- 
pected to be in a physically-dissolved state and 
available for desorption. At this time we have 
no further explanation for these observations. 

5.  SO, flux and deposition velocity mediately taken up. I n  contrast, the results in 
Fig. 3 indicate that physical adsorption of SO, 
by the snow is considerably less efficient. The 
characteristics of the surface will vary depend- 
ing on the age of the snow surface (new to 
about 1 2  days), as shown by Galbally & Alli- 
son (1972)  for ozone, its temperature, and the 
amount of SO, already scavenged by the snow 
while falling through the atmosphere. It is 
probable that these all contribute to the scat- 
ter of the results in Fig. 3. 

Hill (1971)  and Martin & Barber (1971)  have 
found SO, uptake by vegetation to be depend- 
ent upon both its physical (wetness) and physio- 
logical (stomatal state) characteristics. Only one 
Qf our episodes, 4.6 ,  occurred at night and we 
are therefore unable to comment on the im- 
portance of stomatal activity. It was possible, 
however, to examine the observations over 
grass for the effect of moisture. Table 4 lists 
for each episode, the state of the grass surface, 
the time of day, and the value of (A[SO,]/Az)/ 
(SO,]. The average value of this parameter for 
episodes 2, 3, 4, 5, 7, 8, 9, 10,  12, and 1 5  when 
the grass was judged to be mostly dry was 
0.60  m-l; whereas, for the other five episodes 
when the grass was wet, the value is 0.11 m-l, 
which is close to the value for the water sur- 
face. It appears that the wet grass surface is 
as good a sink as the Lake. The increased 
small-scale turbulence over the grass caused by 

Once a surface has been identified as a sink 
for SO,, the rate of deposition can be found by 
calculating the turbulent flux through a layer 
above the surface. For the following calculations 
it is assumed that steady state conditions exist, 
the surfaces are of a uniform nature, and ver- 
tical flux divergence is insignificant. There are 
a number of methods available for estimating 
fluxes from gradient data; in the absence of 
profile data for wind speed or humidity we 
have used the bulk aerodynamic transfer ap- 
proach, outlined by Deacon & Webb (1962)  for 
example. This is a general approach often used 
to estimate water vapour transfer between the 
sea and the atmosphere with parameters from 
a reference level of 1 0  m. Assuming that there 
is a constant flux through the lower several 
meters of the atmosphere, the flux P of SOz 
is given by 

P = C s o ~ ~ l o  AISO,]to. 

Cso, is the bulk transfer coefficient, Clo the 
average wind speed at 1 0  m, and A[SO,]F is 
the vertical SO, concentration differenoe be- 
tween 1 0  m and the surface. Cso, is assumed to 
equal that for water vapour, since both involve 
the transfer of mass, and to have the repre- 
sentative values of 0.0025 over grass, 0.0015 
over snow, and 0.00135 over water for neutral 
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Table 5 .  Average values of flux and deposition 
velocity for the three surfaces under three stability 
ClCMses 

velocity. This is defined as the ratio of the flux 
to the surface, to the concentration difference 
between a reference level and the surface, 

Deposi- 
tion 

Sur- Sta- No. of SO, flux velocity 
face bility cases (pg rn-, s-l) (cm s-l) 

Grass Lapse 10 0.84 2.4 
Neutral 3 0.29 2.6 
Stable 2 0.015 0.5 

Snow Lapse 1 0.17 1.6 
Neutral 3 0.051 0.52 
Stable 8 0.005 0.05 

Water Lapse 7 0.59 4.0 
Neutral 7 0.27 2.2 
Stable 4 0.05 0.16 

stability conditions. (These values correspond 
to roughness lengths of 3, 0.5, and 0.2 mm, 
respectively.) The variation of the bulk trans- 
fer coefficient with stability given by Dear- 
dorff (1968)  is used in the following calcula- 
tions. As a measure of atmospheric stability 
the bulk Richardson number, Rib, defined by 

9 Ae Ri --Az- 
- T (Afi)z 

was determined for the layer of interest. g is 
the acceleration of gravity, T the ambient ab- 
solute temperature, Az the thickness of the 
layer, A0 the potential temperature difference 
across the layer, and Afi the wind speed dif- 
ference across the layer. A[SO,]p was estimat- 
ed as follows: the 10 m value was determined 
by assuming a power law relationship to hold 
between the 1 m and 10 m levels based on 
measured 2 m and 8 m values. [SO,]lo is reason- 
ably insensitive to whether a power law or 
logarithmic profile is used. [SO,l0 is assumed to 
be zero at the lake surface in view of its effi- 
ciency as a sink. Over land the following ap- 
proach was used. The concentration was extra- 
polated linearly from 2 m to 1 m to the surface 
to yield a maximum concentration and zero 
was used as a minimum. The average of these 
two was used as the surface concentration over 
grass and snow. Values of AISO,]io obtained in 
this way are thought to be accurate within 50 %. 
Another useful concept for discussing deposi- 
tion of gaseous constituents is by deposition 
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V ,  = F / A [ S O , ] ~  (3) 

Deposition velocities cannot be determined in- 
dependently here because fluxes and gradients 
were not measured independently. However, 
within the limits of the assumptions used to 
calculate the fluxes, they were calculated ac- 
cording to eq. (3).  The reference level was 2 m 
and the surface concentration was determined 
as above. 

Fluxes and deposition velocities for each 
surface were subdivided into three stability 
classes: lapse for Rib < -0.02, neutral for 
- 0.02 <Rib < 0.02, and stable for Rib > 0.02. 

Average values for each surface and stability 
class, as well as the number of cases are given 
in Table 5 .  The flux values are estimated to  
be representative of the conditions investigated 
with an accuracy of about a factor of two. 
Fluxes are seen to be greatest over the grass 
surface, a consequence of both the higher con- 
centrations encountered there and the in- 
creased turbulence over the rougher surface as 
reflected in Cso,. There is slightly less transfer 
to the Lake, but considerably less to the snow. 
The dependence of transfer on atmospheric 
stability is evident over all surfaces; fluxes are 
reduced by a factor of 10 to 50 in stable condi- 
tions as compared to lapse conditions. A stable 
atmosphere has the effect of suppressing trans- 
fer between different layers whereas in an un- 
stable one there is a great deal of turbulent 
exchange. During individual episodes fluxes 
ranged from .01 to 2.8 fig m-, s-l to grass, 
10-4 to 0.17 ,ug s-1 to snow, and to 
0.94  pg m-, s-I to water. Deposition velocities 
are greatest over water, the best sink, and least 
over snow. These also show a decrease with 
increasing stability; average values range from 
less than 0.1 cm s-1 during stable conditions up 
to 4.0 cm s-1 during lapse conditions. These 
are in reasonable agreement with gaseous de- 
position velocities determined by Chamber- 
lain & Chadwick (1966). 

In  summary, it is seen that representative 
values of deposition rates for lapse conditions 
are several tenths to 1 ,ug m--2 s-l of SO, and 
an order of magnitude less for stable condi- 
tions. Deposition velocities are typically 0.5 
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to 2.5 em s-l. Such deposition rates would ac- 
count for amounts of SO, of approximately 5 
mg m-2 being deposited on water or grass dur- 
ing a typical 3 h episode. Recent measurements 
of Shaw & Whelpdale (1973) have shown that 
approximately 40 mg m-, of SO;- are depos- 
ited over the same region during a 10 h per- 
iod of precipitation. Thus gaseous transfer of 
SO, must account for a significant fraction of 
the total sulphur deposited into the region. 

5 .  Conclusions 

These investigations have shown that it is 
possible to detect vertical concentration gradi- 
ents of sulphur dioxide within the first several 
meters above grass, snow, and water surfaces. 
The existence of gradients is taken as confirma- 
tion of the ability of these surfaces to take up 
SO,, thus removing it from the air. Gradients 
of 6, 3, and 1.5 pg m-3 m-1 were typically found 
over grass, water, and snow surfaces respec- 
tively. 

The strength of the sink is reflected in the 
magnitude of the average concentration gradi- 

ent, normalized against ambient SO, con- 
centration. On this basis the Lake is found to 
be the most efficient sink for SO, removal. 
This is undoubtedly a characteristic shared by 
all natural waters with a high pH value. Grass 
surfaces are also efficient for the removal of 
this gas. Normalized gradients were found to  
be approximately 80% of those for water and 
in the case of a wet grass surface they were as 
large as for water. Snow surfaces were least ef- 
ficient of the three, average gradients over them 
being only 30% of those over water. 

Using a bulk aerodynamic transfer approach, 
fluxes of SO, were estimated over the three sur- 
faces under lapse, neutral, and stable atmo- 
spheric conditions. Fluxes were approximately 
0.2, 0.6, and 0.8 pg in-, s-I to snow, water, and 
grass surfaces respectively under lapse condi- 
tions and at least an order of magnitude less 
under stable conditions over all surfaces. Fluxes 
of this magnitude can account for a significant 
fraction of the input of sulphur from the at-  
mosphere to sinks in the region. Deposition 
velocities determined were in good agreement 
with those of other workers and it appears that 
a reasonable value of this parameter for SO, 
is between 0.5 and 2.5 cm s-l. 
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