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ABSTRACT

In this paper, a two-dimensional and stcady-state numerical model of the planetary boundary layer is
developed. It includes the horizontal deformation of the eddy exchange coefficients and horizontal turbulence
exchange. The difference belween the siructure of the heat island and cold island is analysed using this model.

I. FORMULATING THE PROBLEM

In the boundary layer we are concerned with meteorological phenomena generated on
the local inhomogeneity of temperature. Examples include the breezes occurring at land/sea
(fake) interfaces and the urban heat island generated by horizontal thermal differences between
city and countryside. The “cold island effects”” are generated also by horizontal thermal
differences between a lake or an oasis and the desert. A two-level model, which is divided
into the surface layer and the Ekman layer was commonly used for this kind of meteorclogical
phenomena in the boundary layer for convenience sake, In the swface layer, the similarity
theory which has been studied widely under horizontal homogeneous condition is commonly
used in numerical model. But all the above meteorological phenomena happen due to the
surface heterogeneity, so it is necessary to establish a numerical model of the planetary bound-
ary layer for horizontal heterogeneity. For this reason, the horizontal heterogeneous shear
of eddy coefficient in stream field and the horizontal turbulence exchange is considered in the
control equation. Then the numerical model of the planctary boundary layer under horizontal
heterogeneity is obtained.

II. THE BASIC EQUATIONS AND THE BOUNDARY CONDITIONS

The studied problem belongs Lo the meso-scale or small-scale. [n considering the horizon-
tal turbulence exchange, the two-dimensional and steady-state basic equations of the planetary
boundary layer are given by
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The equations and the symbols above are well known, but a horizontal diffusion term is
added in Fgs. {1)-(4) considering the sudden changes in the thermodynamical state of the sur-
face as in the cold island effect problem of the lake in the desert. The observation shows that
the temperature on the lake is about 25°C, but that in the desert around the lake reaches
60°C. So the horizontal temperature difference of the air is very large under this strong
temperature difference. It is about 1 °C/100 m near the bank. If the hosizontal eddy coef-
ficient % is the same as the perpendicular 4, the horizontal diffusion term will be the same
as the perpendicular, and therefore the horizontal diffusion term can not be omitted.
Now let us determine the eddy coefficient. According to turbulent theory, Heisenberg

£1948) obtained the eddy coeflicient under neutral stability:

k=g, (8)
where | is the mixing length, & is the turbulence energy dissipation per unit mass. [t can
be written as

e=FkS", {a)
where S is a magnitude relating to the distortion of the stream field. From (8) and (%), the
eddy coefficient of the stream field distortion under neutral stability can be written as

k=18, (10}
For non-peutral stability, Eq (9) can be written as
I (11)
ic

where #, is the Richardson number, which can bz writlen as
_._g.?ﬁ 2 2
RI_‘E& az/S * (1 )
For the two-dimensional problem, § is given by
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The mixing length [ is represented in Blackadar {1962) form:
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where £, is the Kaman constant. The result of Businger’s {1971) observation shows that
k. is equal to 0.35, which is used in calculation. The parameter z, s roughness and A=
0.00027 £, /f. There is no well-considered conclusion for the horizontal eddy ceefficient,
but according to Eq (8), kccl¥/®. From the original definition of the mixing length, the
{ in! horizontal direction is larger than that in vertical direction. So we assume
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g is a constant. Owing to the scarcity of the observation data, we assume & i1s equal to 3
in calculation. This does not influence the basic probiem.

The upper and fower boundary conditions are:

=p=w=1[, for =10 :‘5)
@=0{x,2==0), g=glas2=0)
v=w=0, =Ly for z==H{ )

For the calculation stability the lateral boundary condition is:
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In our model [ =105 km,

Eqs. (£i-(7) and (11} are closed for u,v,w,d, q, p, p and k. The solutions can be
obtained by wsing the boundary conditions.

In addition. the horizental homogeneous ficld is used for the background field, It sa-
tisfies the following equations:
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The eddy coefficient in the background field satisfies the interpolation reiation (Piclke, 1974)
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where &, and k,, are the eddy coeflicients respectively at allitude 4 which is the depth
of the surface layer, and at altitude /f which is the depth of the planstary boundary, kg=
10—*m‘/sec. The function ¢ is decided from the stratification condition in the surface
layer. The constants C, and . are decided from the linked condition at altitudes &

and /. For example, as 2=, Tag—g: -H,/p C,, where H , is the sensible heat flux in

the surface tayer, as 2= 7, #p =0, thus constanl C, is decided. Similarly, C. s decided.
11l. THE SOLVING PROCESS

For convenience, Egs (I)~(4) are writlen in the form
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where g is a term related to the geostrophic wind, f represents u, v, § or g. The control
Eqgs. are solved by upstream difference. The grid points in both the x and » directions are
represented by (§, ). Faor convenience, we define the symbols:
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where g(i, ) is the term related to the geostrophic wind; the other terms are given in
Table I. R;is the remainder of the difference computation. We will solve the equations
for f as Ry=0. The difference equations corresponding to (5), (6} and (7) are obtained
without difficulty.

Table 1
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To obtain the solution of a set of difference equations, the relaxation method is used
to find their iterative formula. Assuming the remainders of the nth iteration to be R
{i,k), in the (n+1)th iteration, the {n--1) th values are substituted into the iteration
formula at the points (,#—1} and (i —1, k) in the space which has been scanned,
but at the points (f, &), (i+1, &) and (i, &+ 1} which have not been scanned,
the nth values are used to be substituted into. Setting the (n+4 I)th iteration to reach the
convergence condition, their remainders are all equal to zero. From equation (33) we
obtain,
Ri(i.k)= ”_gﬂ(isk) —K; (i;k) + R (i, k)
+ RO R+ R R PR R) . (34)
The remainder of the {(n--1)th iteration is
R, ) =0=— g (i,B) — Ry (i,l) - RI"' (i, k)
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Eq. (35} minus Eq. (34), afier some operation, has the following iteration formulas:
FrriR) = (5, RY +AFI(,k) FFLG,R) — R ()M A (36}
A=A A+ Ay AL A+ Aa- (37)
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By using the above iteration formulas, u"*'(i, &), v"*'{i, k), gt (i, £Yand g"*' (i, & )
can be obtained. Then making use of the static equation, the equation of continuity and the
equation of state, P™*'{(i &), w"*'(i,k)and p"*'(, k) can be obtained without difficulty.
From Egs. (13) and (11), $"*'(i, %) can be calculated easily. In the iterative process, the
boundary conditions, Eqs. (16){18), are used every time. The lateral conditions actually
change into thoseat x=—L, f™'(i,k)=2/""{— JR)—f "t (i—~2,k),and at x=+ L,
Gk =2+ 1,k —{"™'{i+2,k). In the actual computation, the network grid
puts i=31, k=17 and is divided nonuniformly. In the central region il is denser than in
the side region.

To sum up, the iterative solving process is as follows:

1Y The background field obtained from Eqs. (19)}424) is used as the initial iterative field.

2) The corresponding remainder, and the iterative values ofy, v, # and g are got
from Egs. {(34) and {(36)-(39).

3) The iterative solutions of p, w, & and p are found.

4y Steps 2) and 3) are repeated up to the (o 1) th iteration, until B3+ satisfies the
canvergence condition, R}+'<ie. Then the final iterants are the solutions which we need,
In actual computation, we put e=0.0].

Fi={ (38)

Fr={

IV. COMPUTING EXAMPLES
1. The Numerical Modeling of the Construction Characteristic of the Urhan Hear Istand

It is well known that the temperature difference between the urban area and the country-
side gives rise to the urban heat island. Research on the urban heat island and its influence
on the diffusion process is of great significance for the urban microclimate and urban pollution,
therefore the urban heat island is investigated extensively. Here a npmerical experiment resul{
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of the construction of the urban heat island is given. The parameters are obtained in the
following way:
F=8.5Tx107%s7"; P,=850 hPa; uy=0.4m/s; /o=10.0m/s;A=100 m; H ==1000 m.
The roughness of the underlying surface z, is
0.5m for x.<x<= x, (in the urban heat island}

ﬂi{D.ODOZ m x<x, or x>, (outside the urban heat island),
In the computation, put x,= -5 km, 2.~ 5 km. The lower boundary condition for z=0
is

(40)

=y =we= 0,
., +A8 x <x<x,

:{90 x<-95|! X >x,

tAg x.=xsx
g={BTRE ' (41)
da X<y XKy

and put §,=290°K; Af=35°C. Here g is the dust density, g,=9%00ug/m’: Ag=
11600 pg/m®,
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Fig. 1. Vertical section of the disturbance temperature over urban heat island, isolines are °C,
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Fig. 2. Vertical section of the dust density over urban heat island, unit ug/m®.

The vertical section of the temperature distarbance is shown in Fig. 1. The unit of the
isotherm is °C. Tt may be seen that the 2°C isotherm of the positive temperature distur-
bance shows the construction of the island shape. The positive temperature disturbance diffu-
ses to the environment all around and to the downstream even more, constructing the thermal
plume. Inaddition, the distribution of the stream field and the eddy coefficient is computed.
The vertical section shows that the wind-speed is great in the upstream of the heat island.
but it is small in the heat island itself. The downstream of the heat jsland is a region of
{he return streamer. A local circulation exists in the downstream of the heat island. The
isoline of the eddy coefficicnt shows that the eddy coefficient in the heat island is greater
than that outside, and two maximum centres exist. The maximum is 48.2 m?/s. The vertical
section of the dust density is shown in Fig. 2, the unit is ppgfm® Fig. 2 shows the diffusion
situation of an area source. It may be seen that a passage tramsporting the dust to the
downstream exists over the downstream of the heat island. The conclusion from the tempera-
ture and the density section coincides with Clarke’s (1969) observation. Their observation
shows that a passage, through which the heat airmass passes out, exists over the downstream
of the heat island at night,
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2. The Numerical Modeling for the Construction Characteristics of the Coid Isiand

In the summets of 1984 and 1985, we carried out a conlrast observation between different
underlying surfaces, the Gobi desert being contrasted with farmland and the desert being con-
trasted with a reservoir. According to the observation, the underlying surface is heleroge-
neous, so that an oasis or 2 lake in the desert in comparison with the surrounding environment
is & ¢old source, forming the so-called “cold island effect”. The (ypical temperature profiles
are shown in Fig. 3. These profiles were obtained in the desert and Hongyashan Reservoir
points in Mingin, Gansu, for 12002200 LST on 3rd August 1985, That day was cloudless.
The reservoir has a circumference of 4.5 km, and s surrounded by desert.The observational
point at the reservoir is situated about 0.7 km from the bank and that at the desert is situated
about 1.1 km from the bank, The distance between the two observation peints is about 1.8
km. Fig. 3 shows that the air over the desert is in the unstable stratification of the super-
adiabatic state, but the air over the reservoir is in the stable stravification of the ground
inversion. The temperature at the same time on the same level over the desert is higher
than that over the reservior: the temperature difference is 5.8 °C at 1 m height at 1400 LST.

For research into the space construction and the physical mechanism of the formation
of a cold island, a numerical modeling example of the cold island is given. This time the lower
boundary condition of temperature is §=0,—Af in the cold island, where #,==300 I,
and AB=5°C. Here g is the specific humidity. Put g.=9 mg/ke, and Ag=11 mgfkg. For
convenient comparison with the result of the heat island without changing the crux of the mat-
ter. the other parameters are the same as in the previous example.
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Fig. 3. Temperature profiles over reservoit and desert in period from 1200 to 2200 LST on 3rd August
1885, Abscissa-temperature (°C), ordinate fogarithmic height {m). L§T indicated on every profile,
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Fig. 4. Vertical section of the disturbance over cold island, unit °C.

Fig. 4 shows the temperature disturbance field. [t shows that the 0°C isoline clearly
constructs the boundary of the cold island which separates the positive temperature distur-
bance region from the negative. Due to the advection effect, the healing region over the
upstream of the cold island stretches over the cold island. This illustrates that the hot air
over the upstream moves over to the cold island.

The vertical temperature profile is given in Fig. 5. It can be seen that the background field
is the unstable stratification, but the centre of the cold island is situated in the inversion, It
seems that. due to the advection effect the environment heated air moves over to the
cold island, causing the above mentioned particular construction which characterizes that
the desert is in the superadiabatic unstable stratification, but the reservior is in the strong ground
inversion. Fig. 6 shows the specific humidity. The unit is mg/kg. The isohume 10 mg/kg
is as the island shape construction as the isothermohyps 0°C in Fig. 4. So it is called the
“humid island”. It can be concluded from Fig. 4 and Fig. 6 that the cold island and the
humid island all stretch to 100 m high. Above 200 m the temperature and the specific hu-
midity tend to uniformize in horizontally. The distribution of computed horizontal wind
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velocity shows that the wind-speed is great in the upstream of the cold island, but is small in
the downstream. When the air stream passes over the cold island, it encounters a stable
cold air parcel and is subjected to resistance, just as when over a little relief. The distribution
of the eddy coefficient over thecold island is smaller than that in the upstream and downstream.
It is quite natural that this is due to the stable stratification in the cold island.
¥. DISCUSSION

{1} By introducing the eddy coefficient of the horizontal heterogeneous shear in stream
field and considering the horizontal turbulence exchange in the control equations, numerical
model of the planetary boundary layer under horizontal heterogeneity is obtained. The
relaxation method is used to obtain the iteration formula of the corresponding difference equa-
tion, thus the numerical solution of the control equations can be conveniently found. The
numerical tests show that the construction characteristic of some phenomena in the planetary
boundary layer is due to the surface heterogeneity.

(2) The numerical model of the cold island explains theoretically some physical me-
chanisms of its formation.

In comparison with the surrounding environment an casis or
lake in the desert is a cold source, which forms the cold island effect, due to the sun heating

underlying surface in a different way. Because of advection or local circulation effect, the
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Fig. 5. Temperature profile at centre over cold island and background. Solid line is at centre
over cold istand and dashed line is background.
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Fig. 6. Verfical section of the specific humidity over cold island, unit mgkg,

surrounding hot air is transported over to the cold island, the strong ground inversion is
formed and maintained for a long time under the sunshine. Thus both turbulence and
the evaporation of the oasis or lake are restrained. Our observation of the turbulent flux
and evaporation confirms this. The desert is in a condition of drought and intense heat and
in the unstability stratification under the summer sunshine, but an ocasis and a lake
form a stable cool and humid microclimate, which is advantageous to plant growth and na-
fural resources preservation in the Northwest and has economic significance.

(3) Comparing the two examples, it may be seen that although the cold island and the
heat island arc meteorological phenomena due to the thermal heterogeneity of the underlying
surface. their construction has some differences. The cold island is a stable cold-air parcel,
having stable stratification inside and a clear boundary, and cannot easily give rise 10 mass
exchange between the inside and outside. A series of phencmena illustrates that the cold
island has stable conservation. As opposed to the cold island, the heat island has strati-
fication unsiability and an intensive turbulent field and can exchange mass and energy with
the outside easily. So its properties diffuse to the surrounding environment and thus the
heat island has no clear boundary. It has the diffusion property of intensive turbulence,
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(4) This modei is essentially a meso-scale model. It is used for the heat and cold island
phencmena, which is close to the small-scale problem. Furthermore, this model is two-
dimenstonal but not column coordinate, so the model for the heat island and the cold island
phenomena may induce error. Moreover, because of our insufficient knowledge of the hori-
zontal eddy coefficient we should consider how to choose it reasonably. These problems
should be improved further, but these problems do not damage the physical character of
the subject under research, Therefore this model is useful in researching meteorological
phenomena due io underlying surface heterogeneity in the planetary boundary layer.
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