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Abstract--The general effects of surface moisture availability on regional and local pollution dispersion 
during the day are examined through conceptual modeling and analytic analysis, when surface moisture 
availability is assumed to be homogeneous over regional scales. The results suggest that in low mid-latitudes 
and sub-tropical regions the change in Pasquill stability classes around noon, between extremely wet and 
very dry surfaces, is typically one stability class shift. In the morning and the afternoon, however, the 
corresponding change is more pronounced. Similar trends were suggested when the evaluations were made 
in terms of w*/U (where w* is the convective scaling velocity and U the mean wind speed within the daytime 
convective boundary layer). Also, numerical model simulations and analytical evaluations were carried out 
providing an estimation of the mixing layer depth as dependent on the surface moisture availability. The 
mixing layer depth over extremely dry surfaces was found to be ~ 1.5-2 higher compared to that computed 
over very wet surfaces. Observational aspects are discussed, suggesting complementary insight into the 
interpretation of the modeling and the analysis results. 
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1. INTRODUCTION 

Dispersion of pollutants from surface emissions along 
relatively short distances is commonly evaluated util- 
izing the well-known 'tr' curves (e.g. Pasquill- 
Gifford) which are related to the Pasquill stability 
classes. The Pasquill stability classes are specified 
during the day hours based on surface wind speed, 
three levels of the amount of the solar radiation in 
addition to the amount of cloud cover. Golder (1972) 
provided a more rigorous way to identify the Pasquill 
stability classes, where they are related to the magni- 
tude of z o (the surface roughness height) and L -  1 (L is 
the Monin-Oboukov length). The magnitude of L is 
affected by the sensible heat flux (H,) and the shearing 
stress at the surface layer. The magnitude of H, 
depends on several environmental parameters includ- 
ing solar radiation, surface albedo, surface wind speed, 
surface moisture, etc. Therefore, expressing the Pas- 
quill stability classes by means of Golder's re- 
lations, enables their adequate utilization for specific 
environmental conditions. More adequate, however, 
is scaling the dispersion in terms of characteristic 
boundary layer parameters. Weil and Brower (1984) 
and Briggs (1988), for example, suggested utilizing the 
ratio w*/U (where w* is the convective scaling velocity 
and U is the mean wind speed within the daytime 
convective boundary layer), as a physical index for the 
dispersion in the daytime boundary layer. 
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Evapotranspiration is a major cause of the modifica- 
tion in Hs during the daytime. Grossly for bare soil, Hs 
can be evaluated through the relation 

Hs ~- R s - H L - f l  (la) 

fl = RLN+G (lb) 

where R s is the absorbed solar radiation at the surface, 
H L is the evapotranspiration thermal flux, RLN is the 
net long wave radiation and G is the soil thermal flux 
at the surface. Denoting by R N the net radiation at the 
surface, then over bare soil G ~< 0.3 R N (e.g. Brutsaert, 
1982), while, for a densely vegetated surface approx- 
imately G ~ 0 in Equation (1). For  a given geo- 
graphical location, time of year, and hour, grossly Rs 
- f l  can be considered as a constant (assuming clear 
sky conditions). Therefore, it is anticipated that modi- 
fication of surface evaporation caused, for example, by 
moistening of soil by precipitation (or equivalently 
due to canopy transpiration) would affect the value of 
H s. As a result the following is suggested. 

(i) The value of L -  ~ and the related surface disper- 
sion characteristics would also be modified. Although 
daytime evaporation thermal effects on the atmo- 
sphere are likely to be significant in many surface 
dispersion situations, apparently no corresponding 
attention has been given to evaluate quantitatively its 
general impact. An exception is the study by Myrup 
and Ranzieri (1976) which suggested qualitative 
estimates of the impact of evaporation on the Pasquill 
stability classes. 

Since the Pasquill stability classes can be estab- 
lished by readily available meteorological data, they 
are commonly adopted in many applied studies. 
Evaluation of the impact of surface wetness conditions 
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on the Pasquill stability classes will enable a cor- 
responding adjustment in such applied studies. 

(ii) The Pasquill classes correlation with L -  1 should 
be viewed as applicable for relatively short distances 
from the source, and for evaluating vertical dispersion 
from near ground sources. For all other daytime 
dispersion conditions involved with relatively long 
distances, lateral dispersion, or elevated sources, a 
physical index characterizing the diffusion rate is 
required. In the present study we also adopted, follow- 
ing Weii and Brower (1984) and Briggs (1988), the 
ratio w*/U as such index while evaluating the impact 
of surface wetness on dispersion. It should be pointed 
out, however, that the usage of this index in applied 
studies is likely to be limited since the meteorological 
data needed for computing its climatology are, gen- 
erally, unavailable. 

(iii) The ABL is well-known to be in many situ- 
ations a trapping layer for elevated emissions and to a 
certain degree also for surface layer emissions. Some 
aspects of the impact of soil wetness on the depth of 
the ABE h, were investigated by numerical modeling 
means by Zhang and Anthes (1982), and Pan and 
Mahrt (1987). Zhang and Anthes (1982) found that 
variations within the lower range in surface moisture 
availability over uniform areas lead to a more pro- 
nounced change in the depth of the ABL as compared 
to that involved with a typical range of changes in the 
albedo, surface roughness and soil conductivity. In the 
present study, several illustrative model simulations 
and general analytic evaluations were carried out in 
order to generate a nomogram which illustrates a 
general scaling of the impact of soil moisture on h. 

It is the purpose of the present study to provide a 
quantification of dispersion characteristics as related 
to (i)-(iii) above. The model outlined in section 2 is 
adopted for the evaluations, where a summer day and 
a winter day are considered. Thus, high and low level 
solar radiation conditions are involved with the pre- 
sented simulations. The study focuses on the daylight 
hours in which the evapotranspiration rates are gen- 
erally considerably higher as compared to the noctur- 
nal period and therefore the possible errors in their 
estimation should not significantly influence the con- 
clusions. The evaluations are related to horizontal 
homogeneous areas in which the diurnal and the 
seasonal surface soil moisture availability variations 
are assumed to be linked to the precipitation or 
irrigation characteristics. 

2. THE MODEL 

2.1. The atmospheric model 

The numerical mesoscale model, whose formulation 
is given in Mahrer and Pielke (1977) and McNider and 
Pielke (1981), is adopted for the simulations in section 
3. Since a detailed description of the atmospheric 
model appears in these papers only a brief description 
of this model is given in the present paper. 

Over flat terrain, assuming horizontal homogeneity 
for ~', 0, R and q, the prediction equations for wind 
velocity, ~', the potential temperature, 0, and moisture, 
q, are: 

a ~  _ _ a F a ~ l  m+gLK. j (2) 

ao a F ao 7 
(3) 

aq a F aql 
(4) 

where ~', is the geostrophic wind, f is the Coriolis 
parameter, and R is the radiation heating/cooling 
term. Ku, KH and K o are the vertical eddy diffusion 
coeffÉcients for momentum, heat and specific humid- 
ity, respectively. 

Parameterizations within the atmospheric model 
include calculations of the surface fluxes of mo- 
mentum, heat and moisture according to Businger et 
al. (1971). The eddy diffusion coefficients in the ABL 
above the surface layer are of the O'Brien (1970) 
functional form. A prognostic equation is solved to 
predict the value of h. The changes of air temperature, 
due to shortwave and longwave radiative flux diver- 
genre, are parameterized following the methods of 
Atwater and Brown (1974), and Sasamori (1972). 
Heating of the atmosphere by shortwave radiation is 
confined to absorption by water vapor, while carbon 
dioxide and water vapor are both considered in the 
longwave radiation heating-cooling algorithm. 

The model was validated in a variety of studies 
which indicated reasonable prediction skills (e.g. 
Pielke and Mahrer, 1978; Segal and Mahrer, 1979; 
Segal and Pielke, 1981, among others). 

2.2. The soil model 

In this paper only brief details relating to the soil 
layer will be given. The soil modeling consists of 
solving the equation for thermal conduction 

OT O2T 
p, c ,  ~ -  = ,~ a z  2 (5) 

with 2 = p , C , k ,  where Tis the soil temperature, p, the 
soil density, C, the soil heat capacity, 2 the soil heat 
conductivity and k, the soil heat diffusivity coefficient. 
In the present study a sand type of soil is assumed. The 
soil heat fluxes for most other types of soils are 
suggested to be not too different from those computed 
for sand. 

The surface soil moisture availability, m, is assumed 
to be homogeneous with depth and its contribution to 
the surface value of the specific humidity (of the air), 
q(zo) is given according to 

q(zo) = q(z 1)(1 - m) + mq~ (Zo) (6) 

where q,(zo) is the saturated specific humidity at the 
temperature of the surface, Ts; q(zl) is the specific 
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humidity at the first level of the model; m is defined as 

E 
m = ~-~, (7) 

where E and Ev are the actual and the potential 
evaporation rates at the surface, respectively. The 
relation in Equation (6) or its variants have been 
adopted in various studies (e.g. Nappo, 1975; Carlson 
and Boland, 1978, among others). In the evaluations 
presented in this study a relation between m and the 
Bowen ratio was established as discussed in section 
4.1. This enables the interpretation of the results also 
as dependent on the Bowen ratio. When the soil is 
absolutely dry its contribution to the value of the q(zo) 
is zero. Since q(z I) > 0, the initial moisture gradient 
towards the surface eventually should result in q(zo) 
=q(z l )  (obviously during the daytime no dew is 
formed, while the soil is a negligible sink to that 
moisture flux). When q(zo)= q(zl), no surface latent 
heat flux atmosphere exists as anticipated in the case 
of a dry soil surface. 

The temperature at the soil-air interface is calcu- 
lated as a function of time using a thermal balance 
equation which includes solar radiation, incoming 
longwave radiation, latent, sensible and soil heat 
fluxes and the outgoing surface longwave radiation. 

It is worth noting that McCumber and Pielke (198 I) 
introduced into the present model a detailed formu- 
lation for soil physics. However, since in the current 
study we desire only a general estimate of the sens- 
itivity of the simulated dispersion characteristics to 
soil moisture a simplified routine for the soil formula- 
tion is appropriate. 

Parameterization of the effects of soil moisture 
availability on the albedo, soil heat capacity, and 
diffusivity are included in a similar manner to that 
reported in Ookouchi et al. (1987) (although generally 
the inclusion of these effects in detail was found to 
result in only marginal modifications on most of the 
results presented in the next section). Since for this 
parameterization the soil volumetric moisture is need- 
ed, the following approximations were made: (i) m 
= 0 indicates absolutely dry soil (e.g. in arid regions, 
or during a drought), corresponding to a volumetric 
soil moisture of 0%; (ii) m = 1 reflects saturated soil 
(e.g. following a heavy rainfall event) which cor- 
responds in the current study to a 40% volumetric soil 
moisture in a sandy type of soil; (iii) intermediate 
volumetric soil wetness values were approximated 
linearly between these two extremes based on the 
value of m (i.e. ~/= m-r/s, where ~/ is the actual soil 
volumetric wetness and t/8 is the corresponding sat- 
urated volumetric soil wetness). During the simulation 
period in the present study, m is assumed to be 
constant. To evaluate the relatively secondary effect of 
soil moisture on albedo (~t), we adopted the following 
relation (Idso et al., 1975); 

et = 0.31--0.17 "-~ . (8) 

The dependence of soil heat capacity and diffusivity on 
soil moisture and temperature are calculated accord- 
ing to De Vries (1963). 

3, EVALUATIONS 

3.1. The impact of surface wetness on the Pasquill 
classification 

A large area with homogeneous surface moisture 
availability and terrain features is assumed. In this 
case, an application of the one-dimensional model 
version is appropriate for the evaluation of the devel- 
opment of the daytime surface layer and the ABL for 
that region. A bare soil surface is assumed in these 
evaluations. The implication of the simulated features 
for different surface conditions are discussed in 
section 4.3. 

The daytime stability classification according to 
Pasquill is related to the intensity of the incoming 
solar radiation which influences the surface layer 
turbulence intensity. Clouds and increased surface 
wetness result in a reduction in the surface sensible 
heat fluxes and consequently in the turbulence inten- 
sity. The midday largest possible shift in the Pasquill 
stability classification because of cloudiness variations 
is about one stability class. A change of this order is 
also likely with an extreme change of the surface 
wetness. This change is suggested by Myrup and 
Ranzieri (1976) while considering low surface evapor- 
ation vs very high surface evaporation (see Fig. 1). 

However, when solar radiation incoming at the 
surface is suppressed because of a heavy overcast or 
when the sun angle is low, based on Turner's (1964) 
classification, a more noticeable change in the stability 
classes is likely to occur. In the early morning and late 
afternoon under extensive cloudiness the surface net 
radiation may become negative and an otherwise 
unstable Pasquill class may turn to a stable one. The 
impact on the Pasquill classes of a change from dry 
soil into a saturated soil would be expected to be 
similar. The influence on pollutant dispersion in such 
situations is suggested, therefore, to be noticeable. 

Figures 2-5 present simulation results designed to 
evaluate the impact of various surface wetness and its 
temporal variations on surface layer stability and 
Pasquill classes. The evaluations are based on a set of 
simulations using Equations (2)-(5) in section 2 with a 
combination of roughness parameters: Zo = (0.01, 0.05 m) 
and soil wetness availability m = (0.01, 0.05, 0.10, 0.50 
and 1.00). A summer day case (15 August; latitude 
32 ° N) with a geostrophic wind of V~=(3, 5 and 
7 m s-  1) within the ABL (Figs 2a-b, 3a-b and 4a-b), 
as well as an illustrative winter day case (1 January; latit- 
ude 32 ° N) with a geostrophic V s = 3 m s-1 within the 
ABL (Fig. 5a) are considered. The initial profiles (0600 
LST) of the potential temperature and the specific 
humidity are given in Table 1. The soil moisture 
availability, m, reflects the range between an extremely 
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Fig. 1. Pasquill stability classes as dependent on L-1, Zo and the surface 
evaporation intensity for unstable surface layer conditions (reproduced from 

Myrup and Ranzieri, 1976). 

Table 1. Initial profiles of the potential temperature, 0, and the specific humidity, q, used in the numerical model simulations 

se&lon v&riLble Level ~m~ 
10 32.5 75 200 400 600 800 1050 1350 1750 2500 4000 6000 7000 

oummer ~ K )  293 K I.t the Jurf&ce; ~ s 3.5 K km - I  

q(•r kg - 1  ) 12.5 12.5 12.5 12.5 12.5 12.5 8.5 8.0 5.5 4.2 1.2 1.2 1.2 1.2 

winter e ( K )  283 K at the Jurfsce; ~z  =z 3.5 K km - 1  

q(gr kg - 1  ) 6.3 6.3 6.3 6.3 6.3 6.3 4.3 4.0 2.8 2.1 0.6 0.6 0.6 0,6 

dry surface to a nearly saturated surface. Based on the 
nomogram provided in Myrup and Ranzieri (1976) 
(which is an extension of the Golder (1972) nomo- 
gram), for given values of z 0 and model computed 
values of L -  1 the related Pasquill stability classes were 
determined. 

The results suggest the following: (i) the maximum 
change in the Pasquill stability class as a result of 
extreme changes in surface moisture is a shift by one 
stability class during most of the daytime hours [this is 
in support of the Myrup and Ranzieri (1976) sugges- 
tion]; (ii) as z 0 and the surface wind speed reduce, the 
impact of surface moisture on the change in the 

Pasquill stability classes also is reduced; (iii) the 
change from a stable surface layer into an unstable 
layer (i.e. change to L-1 < 0) during the morning 
hours is lagged in time (up to 1-2 h) as soil moisture 
availability increases. Around sunset the change from 
unstable surface layer into a stable surface layer (e.g. 
L -  1 > 0) occurs earlier by 1 to 2 h when soil wetness is 
higher. In these periods the impact of an extreme 
change in the soil moisture availability is likely to be 
expressed by a shift in more than one Pasquill stability 
class; and (iv) Around noon hour, somewhat more 
noticeable stabilization is computed in the winter as 
compared with the summer case. 
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Fig. 2(a-b). The numerical model predicted temporal variation of L- 1 during the summer daytime for 
the indicated combination of surface moisture availability, m (the curve: m = 1.00 dry, indicates a 
simulation in which the atmospheric initial specific humidity was reduced to 20% of its value specified in 
Table 1), surface roughness height, z0, of 0.01 and 0.05 m and Vg = 3 m s- 1. The corresponding ranges of 
Pasquill stability classes (as suggested by Fig. 1) are indicated. Dark lines indicate the daytime variation 
of the wind speed at 5 m for m = 0.05. (c-d) are the same as (a-b) except for the temporal variation of 

- w*/U, and using the stability classification adopted from Well and Brower (1984). 

3.2. The impact of surface wetness on w*/U 
Similar to the evaluation of the impact of the surface 

wetness on the Pasquill stability classes, correspond- 
ing evaluations were carried out for the impact of 
wetness on w*/U. The value of the convective scaling 
velocity w*, is given by: 

=(gH, h y/3 
w. \pCpOoJ (9) 

where g is the gravity acceleration, H, is the surface 
sensible heat flux, p is the air density, Cp is the specific 
heat of the air at constant pressure, and 0 o is the 
background air potential temperature. U is the mean 
wind speed within the daytime convective ABL. ObVi- 
ously, the magnitude of H, and h reduce with an 
increase in the surface wetness. Thus, the value of w* 
also decreases with an increase in the surface wetness 
(see discussion in section 4.2). On the other hand, a 
quite mild effect due to variations in the surface 
wetness is involved with U, where, typically, the value 
of U is somewhat lower than the corresponding value 
of V,. 

Figures 2c-d, 3c-d, 4c-d and 5b present the depend- 
enc¢ of -w*/U on m, Zo and V s as computed for the 
same numerical model simulations discussed pre- 
viously. In order to provide a reference for evaluating 
the impact of variations in the surface wetness on 
-w*/U, Brigg's dispersion curves classification was 
adopted, where the related range of dispersion in 
terms of -w*/U was adopted from Table 1 in Weil 
and Brower (1984) (A--extremely unstable layer; D - -  
neutral layer). As is evident from the figures, the follow- 
ing is suggested: (i) at noon and for low V, values, 
moistening of the surface results in a reduction in the 
value of -w* /U ,  which is expressed, however, merely 
by a moderation of the Brigg's curve class A. For the 
high value of wind speed V ! (= 7 m s-  t), increased 
surface wetness resulted in a less unstable Brigg's 
curve class at noon; (ii) during the morning and in 
the late afternoon hours, the impact of a variation in 
the surface wetness on Brigg's curves classes is more 
noticeable as compared to the noon hour; and (iii) the 
value of - w * / U  is almost unaffected by the change in 
z o (unlike L-l) .  This feature is explained by the 
dependence of w* on H, (i.e. w*= w*(H,, h(H,))), 
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Fig. 3. The same as Fig. 2, except for Vg = 5 m s- 1. 

where the variations of H, with a change ofz 0 are quite 
mild. Similarly, U is affected only slightly by the 
changes in Zo as adopted in our simulation. 

3.3. Surface moisture effect on the development of the 
ABL 

3.3.1. Numerical model results. The value of h is a 
major parameter involved with a daytime disper- 
sion assessment. It is important to consider its charac- 
teristics during daytime trapping conditions involved 
with an elevated plume, or as an input parameter for 
pollutants dispersion box models. 

The daytime evaluation of the ABL as dependent on 
surface moisture availability, m, is presented through 
several illustrative numerical model simulations, 
which were carried out for summer and winter day- 
time hours (Fig. 6). Relatively accelerated growth of h 
is simulated until the early afternoon hours, which was 
followed by slow changes in the late afternoon hours 
(mostly for the highly wet surfaces). The value of h as 
dependent on m increased gradually as soil moisture 
availability was decreased in the simulations. By the 
end of the summer simulated day, h, is larger by ~ 1.9 
for m = 0.01 as compared to that computed for m 
= 1.0, while for the winter case the corresponding 
ratio was ~ 1.6. 

3.3.2. Analytical results. In order to provide gen- 

eral scaling for the impact of wet soil on the develop- 
ment of the daytime ABL the following evaluations 
are adopted. Using an encroachment assumption, the 
depth of the daytime ABL, ht, at time, t, following the 
initiation of sensible heat fluxes into the atmosphere 
can be estimated as (e.g. Tennekes, 1973): 

,-2 f£ H~dt.I/2 

where O0o/OZ is the potential temperature gradient 
within the lower atmosphere at sunrise. Note, how- 
ever, that observed potential temperature vertical 
gradients at sunrise decrease somewhat with height. 
Thus, O0o/OZ reflects a scaled value for this gradient. 
For scaling purposes we can estimate H, utilizing 
Equation (1). 

In the present study it is assumed, as closely ob- 
served during clear sky conditions (e.g. Hillel, 1982; 
Stull, 1988), that: 

I-HLJ [ ~ ' 1  = [HLo 1 [ R'° 1 s i n ( T )  flu (11) 

where R,o, flu and HLo are the noon hour values of R,, 
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Fig. 4. The same as Fig. 2, except for Vg = 7 m s- 1 

-0.2 ~ ' " " "  j 

t \~\..L.l/il/ ~-7,~ . - - ; ,  -0.2 3 i I~  -o.6 

\ '-P',./ --1 -J 4 - 0.8 A omol 

-0.3 ( b )  - - - - o . i o  
5 -I  .I Z o :O.05m - - - - 0 . 5 0  

I . . . .  1 . 0 0  
Vii =13ms-I I .OOciry 

- 0 . 4 ~  J ~ -I.;  , , , , , 
0 6  0 8  I0  12 14 16 18 0 6  0 8  I() 17' 14 16 18 

Hour (LST) Hour (LST)  

Fig. 5. The same as Fig. 2, except for winter daytime and only for z 0 =0.01 m and V~ = 3 m s 1. 

fl and HL, respectively, and T is the duration of the 
sunny hours (here t = T/2 at noon). Substituting 
Equation (11) into Equation (10) and integrating 
results in: 

2~-(Rso-- HLo-- ~) I - c o s  

ht ~ / ~ | . (12) 

L pC.Tz J 

Assuming (as computed in the numerical simulations), 
a mid-latitude clear summer day with R,o_-__ 
7 8 0 W m  -2 and a midwinter clear day with 
R,o ~ 480 W m-  2, and 80o/8Z = 3.5 K km- 1 m, daily 
variations of h t w e r e  computed for various values of 
HLo. The surface evaporation rate, H L, expressed by F, 
is defined as: 

1 
F = nL/(Rs- f l )  = nLo/tR,o- flo) = (13) 

I + B  
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Fig. 6. The numerical model predicted ABL heights as a function of time for Vg = 5 m s- 1; :c = 5 cm 
and the indicated values of the soil moisture availability, m. (a) summer case (15 August sun 

conditions) and (b) winter case (1 January sun conditions). 

where B is the Bowen ratio (B = Hs/H L = H,o/HLo ). 
Thus, for an absolutely dry surface (i.e. H L = 0), F = 0; 
for a very wet surface B <~ 1 and F ~ 1. 

Equation (12) can be rewritten as: 

( C'))l [ 2 ~ ( l - F ) ( R , o - f l o  ) 1 -cos  -~ i/2 

i " 
L pCp ~z J 

(14) 

Based on a set of simulations for summer and winter 
conditions with the numerical model, which were 
reported in section 3.3.1, the values of flo (as given in 
Equation 1 b) and that of F (as given by Equation (13), 
using simulated values of B) were computed. Based on 
these data it was found that fl0 can be approximated 
linearly as: 

< f330 -130F  W m - 2 ;  summer case (15) 
Po 

[ 2 3 0 -  90F W m-  2; winter case. 

The evaluation of the ABL depth,/it, as dependent 
on m and the time of the day, using the analytical 
solutions given in Equation (14), for the summer and 
the winter days is presented in Fig. 7. Using Equation 
(13) and the relation between B and m as suggested by 
Fig. 8 enables comparisons of the analytical results 
(Fig. 7) with the numerical results for h, presented in 
Fig. 6. Considering the bulk approximations involved 
with the analytical scaling a general agreement be- 
tween both evaluations of h, is found. For example, for 
the summer case at 1700 LST for m =0.01 (which 
corresponds to F ~ 0.06), in the numerical model 

h t ~ 2700 m as compared to h t - 2400 m based on the 
analytical computations. In the winter for this surface 
wetness the related values are 1400 m and 1470 m, 
respectively. Assuming m = 1 (which corresponds to 
F g 0.8) in the summer day at 1700 LST, the numerical 
model simulations suggest h t ~ 1400 m as compared 
to h t ~ 1150 m derived in the analytical evaluation. In 
the winter case the respective values at 1600 LST are 
h t = 970 m and 740 m. 

4. SOME GENERALIZATIONS 

4.1. Bowen ratio 

In order to enable use of the numerical model and 
the analytical results presented in this paper for evalu- 
ations of the impact of real world wet surfaces on 
dispersion, it is advantageous to establish a simplified 
measure expressing the degree of the surface wetness. 
Most attractive is to carry out such an estimation 
through the magnitude of the Bowen ratio, B, which 
has been documented in many observational studies, 
and which can be estimated based on simple measure- 
ments. Measurements needed for computation of B 
have to include the air potential temperature and 
specific humidity at two different heights within the 
surface layer. This approach for evaluating the Bowen 
ratio provides quite accurate results while applied 
during the daytime hours. Numerous studies report 
on observed values of B and their sensitivity to the 
surface temperature and moisture. Summaries of these 
study results can be found in Monteith (1976), Hillel 
(1982) and Stull (1988) among others. A useful nomo- 
gram evaluating the physical bound of B as dependent 
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Fig. 8. The dependence of the Bowen ratio, B, on the 
surface moisture availability, m, based on the 
numerical model simulations present in section 3. The 
vertical lines scale the variation of B for the z o and V B 

values given in Figs 2-5. 

on the surface temperature and the surface wetness is 
given in Philip (1987). A relation between the surface 
moisture availability, m, and the computed Bowen 
ratio in the one-dimensional simulations presented in 
section 3.1, is established in Fig. 8. It was found from 
the results of these simulations that for a given value of 
m, the dependence of B on V s and z o is relatively weak 
(as indicated by the length of the corresponding range 
lines for each of the considered m values). The simu- 
lated Bowen ratio drops in the summer case from 
about  B ~ 14 for m g 0.01 (very dry soil) to about  B 
= 0.2 for m = 1 (saturated soil). The value of the 
Bowen ratio for m = 1 is in agreement with commonly 

observed values (e.g. Hillel, 1982). In  the winter case 
the corresponding B values are ~ 30 and 0.3, respect- 
ively. The lower surface temperatures in the winter day 
as compared to the summer day resulted in, as anticip- 
ated, higher Bowen ratio values. Interestingly, the 
relation between m and B for the presented case is 
linear on a log-log scale and can be approximated as B 
=0.2m -°'923 for the summer day and as B 
= 0.32 m -°'954 for the winter day. Note that, rather 
than using two different power laws, Fig. 8 can be fit 
with B ~t m -°'94 or better (B-0.06)  ~t m -1. For  the 
analytical evaluations presented in section 3.3.2 one 
can use Equation (13) and Fig. 8 in order to translate 
selected F values into m values. 

Finally, it is worth noting that when the soil is 
nearly saturated, the reduction in the daytime surface 
evaporation rate is generally minor  during a typical 
period of about  2 days. Following this period, gen- 
erally the reduction in the daily evaporation is notice- 
able (e.g. Brutsaert, 1982) which leads to a daily 
reduction of surface soil moisture availability by some 
Am. Within the general context of the presented 
simulations, one can consider the daily drying effect in 
the second period by averaging the features obtained 
in the range m to m - A m .  

4.2. Evaluation of H,/R,  

Like the Bowen ratio, the variation of H,/R,  as 
dependent on surface wetness is considerable. H, is a 
quanti ty that directly affects parameters important  to 
dispersion, i.e. L, h and w*. To the first order L a H~" 1; 
hot H 1/2 (see Equation 10) and closely 
w* a (H,h) 1/3 ot 1-11,/2. Because of a lack of measurements 
needed for evaluations of H,, the H, value is com- 
monly assumed to be a fraction of the readily available 
values of R, (i.e. H,/R,  = ~ where ¢ is a given constant). 
Evaluation of B as suggested in the previous sub- 
section, and availability of R, enables an evaluation of 

A£(A} 24:7-N 
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as suggested in the following analysis, based on the 
specific cases involved with the present study. 

Equation (15) can be closely approximated by: 

fie = fide( 1 --0.39 F), (16) 

where fide is the 'dry'  value of fl0 (i.e. B ~ oo). Com- 
paring the suggested values of B with the R,o values 
used in the computations (see section 3.3.2), we find 
fldffR,o ~ 0.42 in the summer case and ~ 0.48 in the 
winter case. Therefore, given other, greater uncertain- 
ties fldffR,o g0.45 is a reasonable approximation. 
With this, Equations (la) and (11) imply that: 

Hs/R ,=  ( 1 - F ) ( 1 - R ~ o )  (17) 

or, using Equations (13) and (16) 

H f f g  s = B(0.73 + 0.55B)/(1 + B) 2 -B/(1.34 + 1.81B) 
(18) 

According to Equation (18) for extremely dry surfaces 
(i.e. B--* ~) ,  H~/R~ ~ 0.55; while for saturated soil 
surfaces (with B - 0.2), HJR~ ~ 0.12. 

4.3. Vegetated surfaces 

Although the current study focused on the situation 
of bare soil surface conditions, it is worth commenting 
on the possible impact of a grass surface on the 
dispersion related features presented previously. Wil- 
ted grass (over dry soil) can be considered to be within 
the low range of m in the evaluations presented in the 
previous sections. When the grass transpires at its 
maximum rate (as is the common situation when the 
soil wetness is sufficient), the observed transpiration 
rates are quite similar to the evaporation rates ob- 
served over saturated soils (e.g. Jensen, 1973), and 
grossly the evaluations presented previously for m = 1 
are applicable. According to Monteith (1976), the 
Bowen ratios observed over various canopies are 
typically in the range --~ 0.0-2.0 which corresponds 
based on Fig. 8 to m ~ 1-0.1. 

4.4. Advection 

Assuming a wet area is adjacent to a dry area, the 
advection of relatively warm air towards the wet area 
causes an increased thermal stabilization of the lower 
atmosphere and consequently to an additional supp- 
ression of the turbulence. When the wet surface is 
extensive (i.e. a large fetch distance) as assumed in the 
present study, the horizontal extent and the depth of 
this thermal stabilization are likely to be pronounced 
as can be implied, for example, from studies by Slade 
(1968) and Mahrer and Segal (1979). When the wet 
surface is of small horizontal extent (i.e. a short fetch 
distance) as is the case of patches of irrigated areas 
within a dryland, the thermal stabilization is typically 
limited to a few meters above the ground (e.g. Motha 
et al., 1979). 

5. CONCLUSIONS 

The impact of wet surfaces on selected dispersion 
characteristics was studied in situations involved with 
extensive homogeneous areas with a uniform surface 
wetness. Illustrative situations typical to midlati- 
tude summer and winter days were considered. The 
simulation results suggest that an extreme variation in 
surface moisture availability over an extensive area, 
may result in a change of one Pasquill stability class 
around noon. However, early in the morning and late 
in the afternoon the modification can be more sub- 
stantial. A similar general conclusion was obtained 
when the ratio w*/U was considered as an index for 
dispersion in the ABL. The impact of a change in the 
depth of the ABL, from very dry to an extremely wet 
surface, was indicated to be a factor of ~ 1.5-2. Thus, 
it is suggested, for example, that surface concentra- 
tions from a plume trapped within the ABL, or due to 
surface emissions, may be increased by a factor of 
1.5-2 due to such surface moisture variations. On the 
other hand, the reduction in the ABL depth due to 
surface moistening may result in the penetration of 
such a plume to above the ABL capping inversion, 
thereby reducing significantly the surface concentra- 
tions. The last situation is most likely to occur in the 
morning hours, or in synoptic conditions in which the 
ABL is suppressed by a synoptic subsidence to the 
typical effective height of tall stacks. 
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