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Non-hydrostatic model of meso- and microclimate

V.K. Arguchintsev

Irkutsk State University
Received March 3, 1999

A non-hydrostatic model is proposed that takes into account water and air compressibility. The
numerical algorithm for solution of the problem is based on the method of splitting into the physical
processes and geometrical variables. The model can be used in studying and forecasting meso- and
microclimate conditions with the account of anthropogenic effects.

The equations of geophysical hydrodynamics,
which express the main principles of conservation of
energy, momentum, and mass of a stratified continuum,
are accepted in this paper as the basis for mathematical
simulation of meso- and microclimate.

A non-hydrostatic model taking into account
compressibility of water and air is proposed. The
model is most universal from the viewpoint of
describing the processes with characteristic horizontal
scales less than 100 km. The general principle is a

and the axis z is directed upwards; p is the medium
density; p is the pressure; T is the temperature; o is the
vector of angular velocity of the Earth’s rotation
(directed parallel to the Earth’s axis toward the North
Pole); kyy, kyy, and k,,, are the coefficients of turbulent
exchange along the horizontal and vertical directions
(assumed to be known functions of coordinates and
time); g is the force of gravity; c,, is the specific heat at
a constant pressure; o= — p~! dp /0T is the coefficient of
thermal expansion; ¢ is the mass mixing ratio of water

unified  theoretical —approach to studying the vapor in the air (or salinity for water); My is the rate of
atmosphere and hydrosphere. the heat variation due to radiative heat exchange and
The system of differential equations of the phase transitions (liberated latent heat); M, is the
nonstationary 3D non-linear model includes: power of the substance’s sources or sinks.
the equation of motion Equation (5) can be written for air in the
d 1 following form:
d—::——gradp—Z(x)xv+g+Dv, (1)
P » = RpT, (6)
the equation of continuity . . .
where R is the universal gas constant of dry air. For
d .. . .
dp o diw = 0, ) Wate.r, the empirical e.qgatlf)n of state connecting
dt density, pressure, and salinity is used.
the equation of heat influx The heat transfer in soil is described by the
d equation of heat transfer taking into account the fact
dT T . . . .
dT oI dp = DT + My, 3) that the soil c9n51sts of several layers with different
dt  c,p dt thermal properties:
the equation of humidity (salinity) transfer oT* % o  oT*
dg ot cp* oz oz ™
E =Dqg+ M g (4)
where T*, p*, A, and ¢* are the temperature, density,
the general form of the equation of state heat transfer coefficient, and specific heat of the soil,
B respectively.
p=plp, T, q), &Y Transforming Eqs. (2)—(3) by use of the equation
where of state, we obtain the evolution equations for T and p.
To describe mesoscale processes in the atmosphere,
i—i-F i-* i-* 2. th tions take the f
ot Tty Ty hese equzz;?ns ake the form
5 ,ik 6_W+ik 6_W+£k a_w a:(l—K)TdiVV+KDT+KMT, (8)
V= ax R oax Ty frvioy T oz Fv oz

Here y is any of the functions of the considered
problem; ¢ is time; u and v are the horizontal components
of the medium velocity vector v, and w is its vertical
component along the axes of the Cartesian coordinate
system (x, y, z); x and y are the horizontal coordinates
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0
a—i +div (pv) = (1 =) pdivv + RkpDT + RxpM7, (9)

where k =c¢,/c,, ¢, is the specific heat at a constant
volume. For water, these equations are more
complicated. Below, the system of equations (1), (4),
and (6)—(9) is considered.
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The boundary conditions along the horizontal
direction are set as fluxes of momentum, heat,
humidity, and mass. At the wupper and lower
boundaries, conditions of the first kind are set.

Since necessary information about
hydrometeorological fields is absent, the initial
conditions are replaced by the background (large-scale)
values or obtained by solving the corresponding
stationary problems.

Following the proposed method and using
equation of continuity (2), equations (1), (4), (8), and
(9) are transformed to the symmetric form:

oU 1 p
o +BU——C6x+2(mZV—myW)+DU, (10)
ﬂ+3vf—la—p+2( W -o,U)+DV: (11)
ot T Coy Ox oz '
ow _ 19 )
” +BW——Caz—Cg+2(myU—u)xV)+DW, (12)
or ]
E-FBT:(LS—K)levv+KDT+KMT; (13)

0
a—i + Bp = (0.5 - x) p div v + RkpDT + RxpMy; (14)

oq
¢ T Ba=05qdivv+ Dg+ M, (15)

where
1 .
B\u=§[v grad y + div (yv)];
C=Alp; U=Cuy; V=C; W=Co.

The equations of the model are integrated in the
Cartesian coordinate system by the method of fictitious
domains. Introduction of such domains permits one to
perform calculations with an arbitrary function
describing the terrain and basins’ bottoms.

The difficulty of solving the system of equations is
caused by the presence of physical processes with
different characteristic temporal scales. So, the
numerical algorithm for problem (6) and (10)—(15) is
constructed using the method of splitting according to
the physical processes.!

The problem is solved in three stages at each time
step: 1) transfer of substances along some trajectories
and turbulent exchange; 2) the process of matching
hydrometeorological fields ; 3) calculation of radiation
and phase heat influxes. This approach permits one, in
principle, to use different time steps at every stage.

At the first stage, the evolution equation of the
following form is considered for each of the sought
functions:

oy
o + Ly =0,
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where L = Y L,
m=1
Complicated problems can be reduced to simpler
ones in the cases when the initial positively semi-
definite operator can be represented as a sum of
positively semi-definite simplest operators.
The time approximation is constructed using the
method of component-by-component splitting of the

geometrical variables!: the grid operator L">0 is
decomposed into simpler operators L,/fl >(). The operators

L,},ll >0 are approximated to the second order of accuracy
in coordinates.

Let us take a non-uniform grid with the main node
points x; = iAx @=0,1,.., I+1); y; = jAy
G=0,1,.., J+1); zp, = kAzy, (k=0,1,..., K+1);
t,=nAt (n=0, 1, ...) and steps Ax, Ay, Azp, At.

We also use auxiliary points X1 2, ¥j+1 /2, Zk+1 /2
in the middles of the main intervals. Let us denote:

Wik =W, g, 2 t); A= (Azpyq + Azp) /25
Uir) 25,k = iy o + i 1) /25
Vit 2,k = @i e ¥ 0550 /2
W; k1,2 = (wi_]‘ykﬂ + wi,j,k)/2 (k=1,2, ..., K).

The finite-difference analogs of the operators are
as follows:

L), = Uit /2,j,k Vist jk — Wit /2,7 k Vit jik
bl 2Ax

1
- m [kxi+1/2,j,k (Wi+1,j,k - Wi,]‘,k) -

kg g Wik~ Wictj )]

0 j+1/2,k Vij+,k = Oij—1,/2,k Vij—1,k
2Ay

h _
Ly Wij =
A

~ g2 Wyt o (Wi = Wil =

- kg/w‘y —1/2k (Wi,j,k - Wi,j*1,k)]’

n n
Wi j k1,2 Vij k1 — @Wij k=12 WVij k-1
(L3 Wijk= 2, -

Wikt ~ Wijk
Azpyy A

Wik = Wij k-1

B k Azk Ak

Zij k1,2 2ij k1,2

Using the Crank—Nicolson scheme at each
fractional step [?,, t,+1], we obtain the splitting
algorithm

nt+m,/3 nt(m—1) /3 n+m/3 n+(m—1) /3
v -V vy

+ Lm 2 = 07

At
m=1, 2, 3.



452  Atmos. Oceanic Opt. /May 1999,/ Vol. 12, No. 5

To improve the accuracy of calculations, the
bicyclic rearrangement of splitting stages was used.

At the second stage, the system of equations has
the following form:

ou 10p
- C6x+2(u)2V—(;)yVV),

ov

la—p+2( W - w,U)
ot~ Coy S0V T 00

oW 19p
T EE—Cg+2(myU—me),
or

EZ(LS-K) T div v,

6_;1?: (0.5 -%) pdiv v,

oq

o =0.5 g div v.

Note that if one uses explicit finite-difference
schemes at this stage, the condition of stability imposes
a significant restriction upon the time step (At = 0.1 s
for the vertical step of 30 m in the boundary layer of
the atmosphere). So, to filter sound waves, we use the
implicit finite-difference approximation of the first
order of accuracy in time, i.e., the scheme of "natural
filter":

n+2 n+1 n+2 n+2
Uijik = Uijk Pitt 2,k ~ Pi-1/2,j,k
At (zlj k Ax
+2 +2
+ 20, Vi — o, Wi5; (16)
n+2 n+1
VIS = Vidk  Piian i ok
AL Gk Ay
n+2
+ 2(0)1 z] k (OF Uz] k) “17)

n+2 n+1

Wz]k_ Vz]k

pi,j,k+1/2 - Pi,j,k—1 2

At C?,j,k Ak
g pﬂﬂk
L],
Rt 2o, Ulih — o, ViR (18)

R d,] k ,J k
(Pz"lfk - P?Tk)/At = (0.5 =) pijk d"fk , (19
(TF35% = T /At = (1.5 =) T} dih

n+2

(qz]k qz]k)/At_OSqudz]kr

where

e z+1/2,] /Gt 2k~
i,k — Ax

n+2 n+2
Vit on/ Gt yoe = Vit o6/ Gt 2.k
+ +
Ay

n+2
Uit 26/ Gt ok
+
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n+2
iidr12/ Gret 2~
A

n+2
Wiie1,2/ Gkt

Substituting the velocity components from
Egs. (16)—(18) into Eq. (19), we obtain the equation
for pressure. This equation is solved by the component-
by-component splitting method over the coordinates.
After solving the equation for pressure, one calculates
U, V, W, T, and ¢. The algorithm is realized by use of
the non-monotonic Thomas algorithm.?2

The constructed finite-difference schemes are quite
stable; they are of the first order of approximation in
time and the second one in coordinates.

The velocities and turbulence characteristics,
which are obtained using the hydrothermodynamic
model, are used in calculating gas and aerosol pollutant
transfer.3

To illustrate the capabilities of the model, let us
present the results of numerical simulation for the
influence of air flow structure upon the pollutant
transport in an urban area. The calculations were
performed for the following values of the parameters:
the vertical and horizontal steps were 2 m; the time
step was chosen so that the Courant criterion was
satisfied for the highest velocity of a non-disturbed
flow, 10 m/s. Figure 1 presents the pollutant
concentration isolines in percent of the highest
concentration at the emission point over a not very high
building. If the source is situated in a rarefaction zone,
the pollutant falls into a leeward area behind a high
building and spreads in the direction opposite to the
nondisturbed flow. Pollutant concentration can be
reduced only with a considerable increase of a stack
height what is not practical in this particular case.

30
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Fig. 1. Influence of the air flow structure upon the pollutant
spread in an urban area.

Similar results have been obtained in simulating
pollutant spread in a leeward slope when the pollutant
plume is kept by a leeward vortex or held down to the
Earth by a downward flow if the pollutant source is
situated below the vortex zone.
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The proposed model can be used in studying and
forecasting meso- and microclimate conditions in the
presence of anthropogenic factors.
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