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ABSTRACT

This study investigates the impact of soil moisture availability on dispersion—related chatacteristics: surface fric-
tion velocity (w, ). characteristic scales of temperature and humidity (T, and ¢, ), ihe planetary boundary layer
height (4) and atmospheric stability classified by Monin—Obukhov length (L), Kazanski-Monin parameter {p)
and convective velocity scale {w . )} during daytime convective condition using 2 onc—dimensional primitive equation

wilh 4 refined soil model.
[ INTRODUCTION

Pollutants emitted from stacks will be dispersed in the planetary boundary layer (PBL)
rapidly or slowly, depending on the pollution—dispersion—related characteristics in PBL dur-
ing daytime hours. These dispersion—related characteristics involve the height of the PBL,h,
the friction velacity (. ). and characteristic scales of temperature and atmospheric humidity
(7. and g.).The pollutant dispersion is catalogued according to atmospheric stability
characteristics measured by one of the following six major methods, commonly used in at-
mospheric diffusion discipline: (a) the Pasquill stability category (from A to G}, (b) the tem-
perature gradient or the Richardson number Ri, (c) the variance of horizontal wind direction
(¢5), (d) the Monin—Obukhov length (L), (¢) the Kazanski—Monin parameter (), and {f) the
convective velocity scale (w. ). All of them can be directly or indirectly expressed by
u,, T., q, andhave:
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where g is gravitational acceleration, £=Z / L, ic non— dimensional height, o, is the
non—dimensional Obukhov similarity functions for heat, f is Coriolis parameter, k is the
Karman constant and L, and L, aredefined as
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where T and T, are temperature {n dry air and virtval temperature in humidity air,
respectively.

T, =T+0.61Tqg ')

Equations (1)—(5) directly depict the relationship between atmospheric stability and ele-
ments (u, ,T. .q. and?), whereby these elements are called as dispersion—related elements.

Generally speaking, the Pasquill stability category is simple, qualitatively estimated from
common meteorelogical elements: wind speed ,three levels of amount of solar radiation and
cloud coverage, they are easy to obtain from routine meteorological station. Therefore it has
been widely used for classifying atmospheric stability for past several decades. The g, meth-
od is not only directly correlating to lateral dispersion o, (6, =0yx) near the source, but
also correlates well with vertical dispersion (o,). The temperature gradient method was
shown to be essentially uncorrelated with daytime diffusion rates (Briggs,1988). The scaling of
dispersion in terms of Pasquill category and temperature gradient is out of date with many
shortcomings, while the Iast three methods, however, have the great advantages in character-
izing daytime diffusion developed since 1970 (Briggs 1988; Sutherland et al.,1987; Weil and
Brower,1984; Golder 1972 :and others).It is not a purpose of this paper,however,to assess in
detail that which one of the six methods mentioned above, used to characterize atmospheric
stability is relatively better.The purpose of the present study lies in exploring the impact of
soil moisture availability on atmospheric dispersion ability measured by the six methods in
terms of determining the influence of soil moisture availability on the turbulent
characteristics:u , ,T, 4. and k. The soil moisture availability (m) is defined as follow:

M

"W.!
where 5, is the volumetric fraction of water in soil, and #,,, is the value of 7, at saturated
moisture condition. )

The impact of scil moisture availability onwu, T, ,4. and # is conducted by following
processes: (a) The latent heat flux (ZLE), partitioned from surface net radiation, increases and
the sensible heat flux(# ), partitioned from surface net radiation, decreases when the value of
m increases (see Ye and Jia, 1989 in detail), where /7, and LE are defined as:

m=

H o=pc,u, T, (3)
LE=plu.q. {9

the PBL’s height (h)is determined by sensible heat flux and described as (see Ye et al., 1987):
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2
h(t)= ( gj ) (10)

o =JI—H’ di 11
p P, {11)

a6
where fi, = ——a;o- is the background thermal stability. (b)The surface albedo {A) over soil is
influenced by soil moisture availability based on the formula given by Idso et 2l.{1975):

A=031-017m (1)
Therefore, the soil moisture availability influences the amount of solar energy (Rs) absorbed
by earth’s surface as

R, =501 - A4)
where 5 is the incoming solar energy. {c) The soil consists of minerals, organic material, wat-
er and air. The variation of soil moisture availability would result in the corresponding
change of overall soil heat capacity (€, } and heat conductivity (K ) (details sec Ye and Jia,
1989), whereby the value of m exerts an impact on soil heat flux (G), based on equation:

a7,
3 gz
In this paper, several aspects of the influence of soil moisture availability on dispersion—relat-
ed elements (u, ,7. .4, and k) and the relationships between elemets (u, ,7. .g, 2nd k)
the and dispersion—related atmospheric stability have briefly been discussed. In Section 2, the
one—dimensiona! primitive equation model used in current study is presented. A summary of
the results is given in Section 3 and the main conciusion is presented in Section 4. Finally, the
study focuses on daytime convective situations involved with a horizontally and vertically
homogeneous distribution of soil moisture availability.

aT,
G=-C.K~>

II. THE MODEL

A set of numerical model simulations,designed to investigate the impact of soil moisture
availability on the dispersion—related characteristics,such as 4, ,9.,7. and A, aswellas
their combinations (L,u and w,), which characterize the atmospheric stability features,
was carried out under the conditions of synoptic flow &, =3 m / s, surface roughness, z, =35
cm and background thermal stability, §, =3.5 K/ km, with soil moisture availability.
m=0.01, 0.05, 0.1, 0.5 and 1.0, respectively. A set of hydrostatic primitive equation model
was used, whose formulation is given in detail in Pielke (1974), Mahrer and Pielke (1977) and
McNider and Pielke{1981), only a brief description of this model is given in this paper.

Over flat horizontally homogeneous terrain, the predictive equations for wind vector, ¥,
potential temperature, §, specific humidity, ¢, and soil temperature, 7', , ace as follows:
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where V', is the synoptic wind, R is the radiation heating / cooling term due to shortwave
and longwave radiation divergences, which are parameterized following the methods sug-
gested by Atwater and Brown (1974) and Sasamori{1972). Here only radiation active constit-
uents (water vapor and carbon dioxide) in the atmosphere are considered.

In the model, a surface heat energy equation is used to predict the surface temperature
while the surface fluxes of momentum, sensible heat and latent heat are computéd according
to surface similarity law provided by Businger et al.(1971}. The surface heat energy equation
is:

er
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R,=H,+LE+G (14)

The model consists of 14 vertical levels in both air and soil, ranging from near surface to

7 km above ground and from surface to 0.7m into soil with grid interval 5 cm. The medel lev-

els for potential temperature and specific humidity and related initial values are given in Table
1. The soil input parameters are given in Table 2.

Table 1. The Numerical Model Levels for Potential Temperature and Specific Humidity and the Related Initial

Values
levels (m} 10 325 750 200 400 600 800
1050 1350 1750 2500 4000 G000 T000
g{g/ks} s N 5 5 5 5 34
32 22 1.7 0.5 0.5 0.5 0.5
2(TC) 10.0 10.1 10.3 10.7 11.4 121 12.8
13.7 14.7 16.1 13.8 22.3 25.8 27.5

Table 2. The Soil Parameters Used in the Numerical Model Simulations

volumetric C K
substance fraction (cal cm™ K ™"} {m calem 'K ™"
quartz 0.5 0.48 21
clay minerals 0.05 0.48 . 7
organic matter 0.05 0.60 0.6
water 04 m 1.00 1.37
air 0.4{1—m) 0.00030 0.06

I1. RESULTS AND ANALYSIS

A set of numerical model simulations, designed to evaluate the impact of soil moisture
availability on dispersion—related turbulent characteristics was carried out.

1. The Impact of the Soil Moisture on Surface Friction Velocity

The impact of m onu, obtained from the numerical simulations is shown in Fig.1.
Figure 1 describes thal during the periods of about one hour of sunrise and sunset,the values
of ¥, increase rapidly during sunrise and decrease rapidly during sunset. During the most of

*
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daytime hours, the change of values of ¥,  with time, however, is relatively small (from 1000
to 1500 LST, the ratio of 4, /u,,,, is within 90%) as compared to the changes during
sunrise or sunset. Therefore the change of u, with time during daytime can be neglected.
The values of », decrease as increasing soil moisture availability for any daytime hours
from our numerical simulated results as shown in Fig.1. The quantitative relationship be-
tweenu, andm is shown in inset of Fig.1, which can be approximately expressed as:
w,=C, —d, m’? (1%

LY By

where the constants C,, and 4, arein unit m/s, with C,  =0.20and 4, =0.0167
at 1300 LST obtained from the present study. The constant C,,,  is corresponding to %, at
absolutely dry soil condition, and the value of C,, —d,  represents the value of 4, at

saturated soil moisture conglition. The ratio of u, between saturated and dry soils is about
0.9 ,which suggests that the impact of m on«~ is small and can be neglected as a first ap-
proximation used in following sections.
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Fig.1. Numerical model simulated values of friction velocity (1, ) with differet values of soil
moisture availability, In the inset, the change of u at 1300 LST, as a function of m is
presented.
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2. Thelmpactof mon T,

The impact of m on T, computed from present simulations is presented in Fig.2.
Figure 2 shows that the values of T, reach to their maximum values for all values of m at
around noon hour. The values of T, decrease as the soil moisture tends to drier. The rela-
tionship between ', and m can be described as -

T.=d, +C,m* 16
where constants C, and d, are in unit (K). For the current simulations at 1300 LST, we
have: form 20.1,C, = — 177d, = —.25 and b= —0.4;for m<0.1,4, = —0.756,C,

=0.6 and =1 as shown in the inset of Fig.2. The value of 4, is the value of T,
at absolutely dry soil condition, and the value of dy +C, is the valne of T,  at saturated
soil moisture condition. The ratio of T,  between saturated and dry soil is about 0.5. There-
fore, the soil moistore availability exerts a strong impacton T, .
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Fig.2. The same as in Fig,1, except for ', .

3. The fmpactof mon g,

The impact of m on ¢, shown by Fig.3 was simulated results, which illustrates that the
influenice of i on ¢, is very sensitive, when the soil moisture availability changes its value
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from m=0.01 to m=1.0, the values of ¢ ,

tude. The relationship between ¢,

where C, =—4.69 x 107",

are nearly changed by about two orders of magni-

and m is described in the inset of Fig.3, and depicted as

g. =C,m
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Fig.3. AsinFig.1, except for g.

4, The Impactof m onh

17

The time~dependence of 4 with different values of m from current simulations, based
on the formula of Deardorff(1974),is presented in Fig.4a. Figure 4a illustrates that the PBL's

height over very dry soil is about 40% higher than that over saturated soil.

Figure 4b is computed based on Eqs.(10) and (11) where the sensible heat flux is obtained
from the simufations. Comparing Fig.4a, where h is predicted utilizing a formulation intro-
duced by DeardorfT (1974), with Fig.db, where the PBLs height is predicted by Eqs.{10) and
(11), shows that although the PBL’s heights predicted from rather simple formulac are a little
lower than that computed from Deardorff(1974), the dependence of # onm for two pre-
dicted formula, however, is consistent and the development with time by the two prediction

formulae are very simifar.

From Eqs.{10) and (11}, the following refation can be derived:
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hon2)/ RmD) =, Ty )y 7 @0 T dp]'7? (18a)

Since u , (m2)/ u, (ml)} is much smaller than T, (m2)/ T, {m1) according to the dis-
cussion in subsection 1, Equation (18a) then can be simplified as

B(m2)/ A ) =[T, (m2)/ T, (m1)]'"* (18%)

Equations (16), (18b) represent the influence of m on h. Computed result based on Eqs
{16),{18b) indicates that the value of £ over absolutely dry soil is about 40% higher than that
over saturated soil.
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Fig.4. MNumerical model simulated PBL's height (h):A, is based on Deardorff (1974), and B,
based on Eqs, (10)and (11).
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5. Discussion

In this subsection, only the dependences of £, u, and w. onm are discussed, since they
are recently developed and have the great advantage in scaling the atmospheric ability of
pollutant dispersion.

(1) The impactaf monL

Since the value L is negative during daytime unstable condition,therefore,the decrement
of 1/L is corresponding to a more unstable atmosphere. Based on the discussion in
subsection 1, the influence of m on u, can be neglected. Then,Egs.(3) and (6) can be ex-
pressed as

1/ L=ay T, ta,4q, (19a)

where o, =gk / Tu® anda,, =0. 6lgk /i’ .

Equations (16),(17) and {19a) determine the relationship between 1./ L and m. For most
of atmospheric conditions the second term of the RHS (right hand side) in Eq. (19a) can be
neglected as compared with the first term of RHS in (19a) as shown by Eqs.(16),(17). There-
fore, Eq.{19a) is simplified as

i/L=g,T. (195)

The atmospheric stabilities over saturated soil classified by 1/ L are about 56% and
60% of those over soil with m=0.0 and m=0.01, respectively, computed based on Egs.(16)
and {19b) with vatues of u, =0.2m /s, T, =290 K (1300 LST). .

The theoretical estimation is supported by Fig.5, which is computed from the numerical
model simulations. Figure 5 presents that the variation of / / L with time for different values
of m is very similar to that of T, as compared Fig.5 with Fig.2, The ratio of 1 /L for
m=1.0 with that for m=0.01 is 0.67, which is in agreement with the theoretical derivation

where the ratio is 0.60.

{2) The impactof monu

The more unstable atmosphere during daytime PBL is corresponding to smaller values of
4 according to Eq.4). Since the influence of m on w,, as discussed above, can be neg- -
lected as compared to the influence of m on T, (.. u, dependes on atmospheric condition
and surface roughness }, the following relation will be resulted in:

p=a,T, {20a)

The parameterization of 4 with m can be derived by substituting Eq.(16) into Eq.(20a);
then we have
p=d, +C,m’ (208)

where C, =, C,, =gk/(T,fu,) andd, =a,d,, the value of &, =676 with u ,
=02m/s, T —290 K. The value of 4 over saturated moisture soil is about 56% of that
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over absolute dry soil.
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Fig.5. The same as in Fig.1, except for the reciprocal of the M~—Q length.

(3) The impactof monw,
The impact of m o w, can be derived by substituting Egs.(10,11) into Eq.{5), which

results in:

w.(m2)/ w, m)=[u, T.),,,zf(u..T.),,,]'” (21a)

As a first approximation, &, =constant is assumed as discussed in subsection 1. Then
Eq.(21a) can be simplified as

w,(m2)/ w.(m)=(T,(m2)/T.(m)"* (218)

Equations (16} and (21b) describe the relation of w, with m. The value of w, over
absolutely dry soil is about 77% higher than that over saturated moisture soil.
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IV, CONCLUSION

The present study has investigated the impact of soil moisture availability on
dispersion—related turbulent characteristics and the atmospheric stability classified by
Moenin—Obukhov length, Kazanski-Monin parameter and convective velocity scale. The ma-
jor conclusions of those evaluations are follows:

(1} The impact of soil moisture availability on surface friction velocity is insensitive. The
influence of soil moisture availability on temperature characteristic scale (T, ) is evident.
The value of T,  over saturaied soil moisture is about half of that over absolutely dry soil.
The impact of soil moisture availability on atmospheric humidity characteristic scale (g, } is
very strong: the value of g, over saturated soil is nearly two orders of magnitude of that
over absolutely dry soil.

(2) The planetary boundary layer height during daytime decreases when the soil moistore
availability increases. The PBL’s height over absolutely dry soil is about 40% higher than that
over saturated soil.

(3) The soil moisture availability exerts a sensitive influence on atmospheric stabilities
classified by Monin—Obukhov length (L), Kazanski—Monin parameter () and convective ve-
locity scale {w, ) by increasing the atmospheric stability as increasing the soil moisture avail-
ability: the atmospheric stability characterized by L “!, p and w, increases about
30%—40% over saturated soil as compared 1o the one over absolutely dry soil.

(4) The impact of soil moisture availability on dispersion—related atmospheric stability is
petformed through the impact of soil moisture on temperature characteristic scale (T, ) as

shown by Eqs.(19b), (20b) and (21b).

This study is available for LASG for its providing us computer time.

REFERENCES

Atwater,M.A.and P.5.Brown (1974), Numerical calculation of the latitudinal variation of solar radiation for an at-
mosphers of varying opacity, J. 4ppl., 13: 289-297.

Briggs.G.A. (1988), Surface inhomogeneity ¢ffects on convective diffusion. Boundary Layer Mereor., 48 117-135.

Businger.J.A., J.C.Wyngaard, Y Izumi, and E.F.Bradley (1971), Flux—profile relatonship in the atmospheric sur-
face layer, J. Atmaos. Sci., 28; 181-189.

Deardorff,7.W. (1974), Three~dimensional rumetical study of the height and mean structure of a heated planetary
boundary layer, Boundary Laver Meteor., T: 81-106.

Golder,D. (1972), Relations among stability parameters in the surface layer, Boundery Layer Meteor. 3: 5458,

Idso §. B., R. D. Jackson, B. A. Kimball, F. 8. Nakayma (1975), Dependence of bare soil albecfo on soil water con-
tent, J.Appl. Meseor., 14: 109113,

McNider,R.T.'. and R.A.Pielke {198)), Diurnal boundary—layer development over sloping terrain. J. Atmos,
Sci., 38 2198-2212,

Mahrer, Y. and R.A Pielke (1977), A numesical study of air flow over irregular tertain, Comirib. Atmos. Phys., 50:
213-218.

Pielke, R.A. (1974), A three—dimensional modal of the sea breezes over south Florida, Mon. Wea. Rev., 102:
115-13%, .

Sasamori,T. (1972), A linear harmonic analysis of atmospheric motion with radiative dissipation, J. Meteor.
Sor., 50: 505—518,

Sutherland, R. A. F.V.Hansen and W.D.Bach (1986), A quantitative method for estimating Pasquiil stability class
from wind speed and sensible heat flux deasity, Boundary Laper Meteor., 37: 357-369.




452 Advances in Atmospheric Sciences Vol.7

Weil J.C. and R.P. Brower (1984), An updated Gaussian plume model for tall stacks. J. Air Poliur. Control
Asvoc., 38: §18—527.

Ye, Zhuojia, M. Segal and R. A. Pielke (1937), Effects of atmospheric thermal stability and slope stespnsss on the
development of daytime thermally induced upslope flow, J. Atmos. Sci. 22 3341-3354,

Ye. Zhuojia, and Jia Xinyuaa {1989), The impact of soil moisture availability upon the partition of net radiation in-
to sensible and latent heat fluxes, submitted (o Advances in Aumos. Sci...




