Chapter 2

Formulation of the system of basic equa-
tions

The governing equations of CReSSis expressed by the equation of motion which
is Navier-Stokes equation considering the rotation of the earth, the equation of ther-
modynamics, the continuity equation with compression, the equation of water vapor
mixing ratio, the equation of cloud mixing ratio and precipitation particle and the
equation of number density of cloud and precipitation particle. The model is consti-
tuted by the formulation of various physical processes and the formulation of bound-
ary value besides their equations. In this chapter, we collect the formulation of basic
equations in the constitution.

CReSScan adopt the effect of terrain by taking the grid along terrain. In CReSS,
this grid is transformed to the square grid for the calculation. To understand the
model easily, first we describe the case of grid in terrain-excluding coordinates. Sec-
ondly, we describe the transformation of the grid in terrain-following coordinates and
the equations in the case.



2 Formulation of the system of basic equations

2.1 The basic equations system (in terrain-excluding coordinates)

The independent variables of the model are the space coordinates, x,y, z and time, ¢. In the equations of
semi-compression adopted in CReSS, the dependent variables which defined as a function of the indepen-
dent variables are horizontal velocity, u, v, vertical velocity, w, deviation from the basic status of potential
temperature, 6’, deviation from the basic status of pressure, p’, mixing ratio of water vapor, ¢,, mixing
ratio of water contents, g,, and number density of water contents N,. Here, g,, N, are for water contents
except water vapor and they are determined how the processes of cloud and precipitation are expressed.
Corresponding to this, the number of time-developing equations are varied. Here, dependent variables of
potential temperature, pressure and density considering water contents and water vapor are fulfilled by
hydrostatic equilibrium,

o
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The relation between the basic states and the deviation from them are given as,
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The density is given by the equation of state diagnostically,
p
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Here, g is the gravity acceleration, € is the ratio of molecule number between water vapor and dry air and
R, is gas constant of dry air.

All of the dependent variables except density are described in time-developing equations. In the case
of the terrain-excluding coordinate, the time-developing equations of the dependent variables are given as
follows. In the actual model, these equations are coordinated beside the basic equations which contain
terrain in Section 2.2. The terrain-excluding coordinate is used to understand the basic equations easily
which result in as follows,
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Here, fs, f. is Coriolis-parameter and Buoy.w is the term of buoyancy.

Equation of pressure
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Here, ¢, is the speed of sound in atmosphere and @ =1+ 0.61g, + > Gz-

Equation of potential temperature
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Equations of water vapor and mixing ratio of wear contents

aﬁqv _ 8qv 8% 8qv N
=—pluz—- Turb.q, e 2.11
ot p(”ax“’ay twg, )+ Tubg, 4 pSreq (2.11)
3g;h =—p (u—%(ij + vaai; + w%?) + Turb.q, + pSrc.q, + pFall.q, (2.12)

Equation of number density of water contents
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The detail of other dependent variables are described in Section 2.2. The term of diffusion in sub-grid
scale Turb.¢ which appears except in equation of pressure is described in Chapter 7?7, and the terms of
generation and disappearance Src.¢ and falling Fall.¢p which appear in equation of potential temperature
and water contents are described in Chapter 4.

2.2 The basic equations system (in terrain-following coordinates)

2.2.1 General curvilinear coordinates

CReSSadopts the terrain-following coordinate to comprise terrain effect. The basis of this coordinate
system doesn’t necessarily become to orthonormal, while the vector in Cartesian coordinate is expressed by
orthogonal basis. This is categorized in curvilinear coordinate of liner algebra. Here, the basic background
is summarized.

Contravariant components and covariant components

Introducing general linear independent bases (e1,eq, e3), which are neither regular nor orthogonal, facul-
tative vector A is expressed as the linear combination,

A = Alel —+ A282 —+ A383 (214)

On the other hand, since the inverse bases (fl, 2, f3), is defined as
f'e; =0 (2.15)

then, the components are,
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fl.A=A (2.16)
Here, Kronecker’s delta is defined as follows,
i )L =]
&5 { 0. i (2.17)

In the case of orthonormal basis, coordinate components are given by scalar product of basis vector and
facultative vector. In the case of general basis, however, the components must be given by scalar product
of inverse basis vector and facultative vector. Thus components of coordinates for original basis are named
contravariant components and expressed in a superscript. On the other hand, components of coordinates
for inverse basis are named covariant components, expressed in a subscript.

The facultative vector B is expressed by inverse basic vector as
B = Bif!' + Byf? + Bsf? (2.18)
The solution of scalar product of them becomes
A -B=ADB, (2.19)

Thus, scalar product is expressed easily by the sum of product of components in the relative coordi-
nate when both contravariant and covariant components are used. In the case of orthonormal basis, as
inverse basis becomes same to original basis, there are no difference between contravariant and covariant
components.

A -B=A'DB (2.20)

Scalar product of facultative vector A and bases (e, eq,e3) gives covariant components for bases of
vector A, (e1,eq,e3),
Ai = A - €5 (221)

Next, for bases (e, ez, e3), 9 scalar product can be made,

Gij =€;-¢€; (2.22)

This matrix is named metric matrix. Moreover, this is quadratic tensor which is named metric tensor.
Using this, the relationship between contravariant and covariant components is expressed as follows.

A" = Gj A, (2.23)
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curvilinear coordinates

As a function of Cartesian coordinate, three function F'* (z,y,2) which defined at a certain region of a
space is considered. The differentiation of them for (z,y, z) is possible for any number of times.

E=F"! (x,y,2) (2.24)
n=F?(z,y,z) (2.25)
¢ =F3(z,y,2) (2.26)

(&,m, ¢) correlates to the each point in a region P (x,y, z). When this correlation is 1 to 1, it can be said
that curvilinear coordinates is made in a region. Furthermore, the following condition is assumed.
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For Cartesian coordinate, vector (ey, ez, e3) is
23 an a¢
_| % _| % _| %
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o€ on ¢

Here, vector (e, es, e3) is named ’basis’ or 'fundamental vector’ of curvilinear coordinates (£, 7, (). Using
above, facultative vector field A is expressed as the linear combinatio of them.

A= A161 + A262 + A363 (229)

Then, A’ is named ’contravariant components’ of curvilinear coordinates (£,7,¢) of vector field A. The
covariant component is mentioned in (2.21). Samely, for the bases (e1, ez, e3), 9 scalar product can be
made.

Gij=e;-e; (2.30)

Matrix G;; is named metric matrix of curvilinear coordinates (£,7,(). The relationship between con-
travariant and covariant components is given by (2.23).
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2.2.2 Coordinate along terrain

Many cloud models adopt terrain-following coordinate system to consider the effect of terrain. Such
coordinate system are oriented on the special relationship of curvilinear coordinates.

CReSSadopts the terrain-following coordinate as well as NHM and ARPS.

E=u (2.31)
n=y (2.32)
(=((z,y,2) (2.33)

In this case, velocity vector of Cartesian coordinate can be expressed as well as (2.29) by components
of velocity vector (contravariant components) (U,V,W) in the terrain-following coordinate.(Ordinally,
(U, V,W) are contravariant components and they should be expressed in the superscript (ul, u?, u?’). How-

ever, since it is easy, it is written in this way.)

Ox or ox

u=Uge +Vg + W (2.34)
oy dy dy

_U6§+V JrWaC (2.35)
0z 8 0z

Since it is assumed that condition (2.27) is realized, the inverse of the velocity vector can be asked by
solving (2.34)~(2.36) about (U, V,W).

UG? = uJ’; +vJE +w]i (2.37)
VGE = uJ¥ +vJE +wif (2.38)
WG = uJf +0Jig +wli! (2.39)

Here, J is Jacobian. For example, it is defined as

oy Oy

on 0
Jygza(y’z): oo (2.40)
omQ) | 0z 0z
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G? is defined as Jacobian of the coordinate conversion between (&,m,¢) and (z,y, z) and expressed as

9 an  oC
d(z,y,2) dy Oy Oy
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In the case of terrain-following coordinate defined by (2.31)~(2.33), Jacobians which appear in (2.37)~(2.39)

are as follows.

. 0z o "
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Jee =0, J& = ac’ Jeg =0, (2.42)
. 0z - 0z .

JE= 2 gm0 g
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In the case of three-dimension, Jacobian of the coordinate conversion between (£, 7, () and (z,y, 2) is

1 0z
Gz = | —= 2.43
Sl (2.43)
Here, variable components of Jacobian’s components are defined as
0z
— JY= _
Ja1 = Jg) = % (2.44)
0z
Jzo = JF¥ = —— 2.45
32 én an ( )
0z
— Yz __ zZr __

and ( is defined by using the altitude of surface zs¢. (z,y) and the height of the region of model 2y,

Ztopl2 = Zsfe (4,9)]

T,Y,2) = 2.47
C( Y ) Ztop — Zsfc (‘T7y) ( )
or
ZS C )
Z(&m,C) = zsge (§,m) + ¢ [1 - %} (2.48)
op
In this case, Jacobian’s various components are
_ 02 (¢ Oz (&)
Jor = 73 B (Ztop 1) 23 (249
_ 0 (6 OEspel&m)
i (Ztop 1) an (250)
Jo= 92 _q_Fsel&m) (2.51)

6< Ztop
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Ziop

Figure 2.1. Terrain-following coordinates and direction of the vector.

Like in this case, when ( is a monotonically increasing function about z, it is expressed that
G? = |Jd = Jg (2.52)

Velocity of the terrain-following coordinate (contravariant velocity) which is given in (2.37)~(2.39) is
transformed as follows,

U=u (2.53)
V=uv (2.54)
W = (uly1 + vlg + w) /G (2.55)

When the transformation from Cartesian coordinate to the coordinate along terrain is performed using
above relation, the space differential of a various value ¢ is transformed as follows,

96 1[0 )

9 of [8_5 (Jag) + ac (J31¢>)} (2.56)
96 1[0 )

- ab [3_77 (Jag) + ac (J32¢>)} (2.57)
9 1 06

e (2.58)

2.2.3 The basic dynamical equations in terrain-following coordinates

In the coordinates of terrain-following, three factors of dependent variables are separated into the values
of base state and deviations from the values of base state, as well as in those of terrain-excluding. Those
three factors are potential temperature, pressure and density which considered effects of water contents and
water vapor. The values of base state are defined so that those are in hydrostatic balance taken account
of effects of terrain, which balance is

L= _Gipg (2.59)
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To simplify those representation, we use

*=Gip (2.60)

S
Il

and transform each predicted variable as follows:

u* = p*u (2.61)
vt =p*v (2.62)
w* = p*w (2.63)
W* = p*W (2.64)
6* = p*o’ (2.65)
4 =P (2.66)
G =P (2.67)

Using the above, the basic equations system in terrain-excluding coordinates shown in Section 2.1 of
this chapter are transformed in terrain-following coordinates as follows.

Equation of motion

ou* _ u*a_u —|—1}*% —}-W*@
ot o€ n a¢
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ov* *81) *8v *6'1)
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- {% {Jqs(p) — aDiv*)} + 8%‘ {Js2 (' — OéDiU*)}} — fou* + G Turb.v (2.69)
W“(“ o oy W ac)
_9 p' — aDiv*) — p*Buoy.w + f.u* + G*Turb.w 2.70
¢

where the buoyancy term Buoy.w is expressed as

/ / / ! /
p ¢ p q, QerZ(h)
Buoy.w = —g— = = - —= + - 2.71

Y 9% g<9 pZ " e+q,  1+a 271

Here ¢/, is not the deviation from the value of base state but the deviation from the initial value, € is the
ratio of molecular weight to water vapor and dry air. ¢, is the speed of sound in air given by

cs = \/YRJT vy=0C, /0y (2.72)

where g is the gravity acceleration. T is the temperature of base state and Ry is the gas constant for dry
air. Cp, C, are the specific heat at constant pressure and the specific heat at constant volume for dry air,
respectively. fs, f. are the Coriolis coefficients:
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Js =2wsing (2.73)
fe =2wcosy (2.74)

where w is the angular velocity of the earth and ¢ is the latitude. Furthermore, aDiv* shown in the
pressure term is the divergence damping to suppress soundwaves, which is given by

1 (ou*  Ov* OW*
Div* = — + + 2.75
Gz (5'5 on ¢ ) @79)
Equation of pressure
0G%p’ op' 1 Opf op' 1
Grus + GPv— + GIW = G2
BN ( ua5 + 37) + ¢ + pgw
0Gzu  0Gzv  OGETW L, (1d0  1dQ
— 2 - - = 2.
pes ( 26 " Tan T ac >+G pcS(Gdt th) (2.76)
where Q =14 0.61¢g, + Y ¢, was used.
Equation of potential temperature
00* L 00 80’ 06’ 00
=— — * — pw— 2 Turb. + p*Src.d 2.
5 ( 8£+ +W 8() 8§+G urb.g + p*Src (2.77)
Equations of mixing ratio of water vapor and water contents
9q; «0qy 8‘]@ an 1
— =— * 2 Turb.q, *Sre.q, 2.
5t <u 8§+ +W o + G2 Turb.q, + p*Src.q (2.78)
9q; «0qs + 04z 0q, 1
L= * 2 Turb.q, *Sre.qy *Fall.q, 2.
9t < 8§+ nJrW ac + G2 Turb.q, + p*Src.q, + p*Fall.q (2.79)
Equations of number concentration per unit volume
[ () () ()
ot o6\ p on\ p aC\ p
+G%Turb.& + p*Src.& + p*Fall.iz (2.80)
p p p

Similar to terrain-excluding, there are prognostic equations of turbulence kinetic energy F in addition to
these equations, which are discussed in Chapter ?7? Diffusion of Sub-grid scale. So is the diffusion term of
sub-grid scale Turb.¢ shown in those equations. On the other hand, the production or loss term Src.¢p and
the falling term Fall.¢, shown in the equations of potential temperature and water contents, are discussed
in Chapter 7?7 Physical Processes of Clouds and Precipitations.
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—m—= o + p(fow — fov) + pmnw [Uﬁ_ﬁ (—) ua—77 (E)} - + Turb.w  (2.117)
20 g (2 4l
Por = P\™ge T ™oy Tz
op’ g (1 o (1 _vw
fna—n + p(fu — few) — pmnu [ % ( > - ua—n <E)] - + Turb.v (2.118)
o (e w ow
Par = P\ " "oy T
a / 2 2
-3, pBuoy.w + p(fev — fru) + u rv + Turb.w (2.119)

ZZTC p=plz) BEFFOEET, shEEEORDBETH S, £z, Buoy.w 1 FFE/PHATH S,

FRfCL T SHEREOR (2.9), BAREOIN (2.10). BEO, AERCEYFRE T 55 (2.11)~(2.13)
EHREPAL L. Tk diTks,

[EmEDHER

_ 0 u Jd v ow _ 1d6 1dQ
pes [mn (35 m T 87]71) * 82} P (9 e Q dt ) (2.120)
BAREDHRELN

o0y’ 0o’ 06’ 06’ o0
— = — — — — | — pw— + pSrc.f + Turb.0 2.121
P p( ua€+n neraZ) pwaz+pSrc + Tur ( )

KEDE L UKNEDESHDO AR

_0q, _ 9qy ¢y Iqy
- 2.122
P o p( 35 + nv n+w8 + pSrc.q, + Turb.q, ( )

¢z muﬁ%:+nvéﬁ_%w3%
Par = 7° o€ an U az

) + pFall.q, + pSrc.q, + Turb.q, (2.123)



2.3 EXAEAR — XK

KB OBEEDNFHER
ON, 9 (N, 9 (N, 9 (Na
ot ph%%( >+m®n<ﬁ>+w&(ﬁ>}

N, N, N,
+pSrc. —= + pFall.—~ + Turb.— (2.124)
p p p

B, ZofucEmIcEb b0 LT, fLmEE T 2L X — @ﬁﬁ%@ﬁﬁ*z%ﬁcﬁhé#ﬁﬁ
Turb.¢ ®EE I NRT TR ERVA, ZHICOWTEE??HE VT Y v KA — Loy TikR2s,

2.3.3 HFBHBEZRICEITZERAERR — HEEZSLEHES

AR E T T, B E ANTEERGRAREZ KD M TE LT, REITHE, HRHRKEZ STHIZIC
N RO HA TR EZRD L, FITHRA2 & 5 ITHIACTN D R e s L OGRS &, 7 o
I HIFREAIFERIITR ST, ORISR S, L1 LRSS, HINHRELI$hE a0 FE o
B TR VWO T, I 2 TIERIITRD 72 B RMREEAIL, & 2.2 floHzodE A & [\ U Fhs THzIC
MO EESRCE T Z &3 TE S,

T, BUAITE Tld, m, n 3RS LTk TEAS, 2 2 TIHIBE QG THOL S W AHINESE o
PR (map factor) & &2 5, m%%'(ﬁ%b\%«ﬂéiﬂ.&mﬂﬂi THEE (A7 VARR . 90k
IEAMERE EABGBRE (AVH MVRE) 2 oEBRETHL, EHRELE TANELY) ¥/
W TEASIEL Y 0T KFEARD 2 DDOMEEAE D A N U v 7RI FO§TRTORITBNTEL

WbOThS, Tabb.
(m - i) - (h2 - l) (2.125)
m n

ThoEH, AL Th S MBI  ME OB CH 5,
Z DEEERT OLONE, (2.108)~(2.110) 2 ERT 5 &,

d 0 d¢o dnpo d¢ o
€9  dn 9 dC 9

dt Ot dto¢  dtom  dt Oz
0 )

0
= gp +miuge + v+ W (2.126)

LY. SHERE WL,

SRS
—ar - o Yoz

= [mu (—g—g) +mu (—g—;) +w gﬂ gg (2.127)

1
=1 (mudsy + mudsy + w)

DEHCB, £l BHIHIER ¢ OZERIEME,

3(;5 1 0 0

= (Jaop) + ac
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gf; mG}% 0 — (Jao) + 8< (J320)
9 10
62 G2 8(

DEDITERSND,
INEEHOTUE R EERAS &, ToLdichA 605,

EEAREA
T TR . S 2
Par =P muag mva77 m 31D
+p(frw — fov) + — l ﬁ — —*U—+T b
p(fyw — f0) + pm?v 11 - 8 p— urb.u
_Oov v v Ov 0 0 ,
PE =P (mu(9_§+mva_n+W8_C) _mGl [877 (Jap') + 8{ (Ja2p )}
0 (1 a (1 _ow
J— 2 _ JR— — _ R — _
+p(fou — few) — ,omu[vaE (m> uan (m)] + Turb.v
_Ow ow ow
Par p( ¢ +mv8 +W6_§)
/ 2 2
—Lla—p —ﬁBuoy.w—&—ﬁ(fgv—fnu)—i—ﬁu i + Turb.w
Gz 9C
SHERZED AR
op' op’ op’ ap’
T (Tru8£+ JrVVaC + pgw
a1 8G5u+8G2v +8G2w ld_e_l@
Pes s 9% m o m ac gdi Q dt
BAREDARER

_o¢’ ( o0’ o6’ 89’) s 1 00

Por =P G28C+pSr00+Turb9

(2.129)

(2.130)

(2.131)

(2.132)

(2.133)

(2.134)

(2.135)
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MR

KEDB L UKYE DRSO /ER

_0qy 0y 8qv 0qy
pmp< uae T, T W
_0q: = 94 04y 94
pmp01%+ van TV
KB OWERDHER
ON, [ 9 (N, N,
5 p|muz :

N,
+pSrc.— + pFall —~ 4+ Turb.
p p

DLECHIFZI Y 5 WSRO O TTRICRRD & N8,

AN

1,92
m “an

U AT DAFOT2ZER (22)~(22) BV,

m2 |:’U§£

()] =

THdZ ITERL T,

o\ p
b Ne
P

> + pSrc.q, + Turb.q,

—) + pFall.q, + pSrc.q, + Turb.q,

TREC)

IS DFFRBEICT L2012,

om 6m

5n Vo

O EEBESWME UBEEZIL L., DToLI2k5,

EZARER
o (0w Ou 0 0.
5 _—<mu 8§+ 3 + W 8C> L%(Jdp) 8C(J31p)]
. « | Om om LW 1
+(fpw™ — fov") + o {ua—n—va—g} -t + G2 Turb.u
vt _ .+ 9Y NN A N N
e <mu 86—|—mv 87]+W 3() m[an(Jdp)+a<(J32p)]
. «| om om LW 1
+(fau — few )—u [“a_n_”a_g] - o + G2Turb.v
v _ mua—+m 8—w—&—W*aw
ot o0& on aC
op' . . uw*u + v*v 1
—a—c—p *Buoy.w + (fev* — fyu*) + ———— + G2 Turb.w
SHEREDAER
oGz af o o' 00 :
T = -G <mu8£+m +W8C + gw
_ 0 Giu 0 Giv\ 0Giw L 1d0  1dQ
J— 2 2 R R 2 —_—
pcslm<a£m+anm)+ ac + G2 pc? <0dt th)
BAfmEDAESD
00* L 00 L 00 a0’ 00
W__<mu 8_§+mv 3_77+W aC) pw8<+p *Src.6 + G2 Turb.0

(2.136)

(2.137)

(2.138)

TAS

(2.139)

(2.140)

(2.141)

(2.142)

(2.143)

(2.144)
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KERE L UCKNEDESTH D AR

aq: _ *aqv *8qv *aQU * Q. %

ET (mu o€ + mu an +W ac + p*Src.q, + Gz Turb.q, (2.145)

9q; _ *aq:z: an *an % * i

Frae (m 85 +m 87] + W 8( + p*Fall.q, + p*Src.q, + G2 Turb.q, (2.146)
KNEOHERE DAL

O0GiN: _ [0 (N, o 2
ot = muag ﬁ mt

N, N,
+p*Src. == + p*Fall. —= + G2 Turb
p p

202

+
N,
== 2.147
> (2.147)

7B, KBRoOFH TCIEFRIC LR BACEEZNZ 570, mrﬁ%p FATIIC AN =B OTREIH
aDiv* 288, p —aDiv* TEERZS5NS, Z OIHOHNBEZEERIC BT 2K 0E. KD & IITFA S
na,

e b 0 u 0 v ow*
Div* = %[m ((9§m+(97]m>+ 8(] (2.148)

AUl &Talkkic, SLRGHEI X L ¥ — ®ﬁmﬁﬁﬁﬁﬁkéﬁﬁﬁhéﬁﬁﬁTmb¢@E@KOwTH\%
275 (T2 Uy R — Vi T3,

2.3.4 EBBEERE

RITORAN- 2 BY, —RITHEGRE T TNV TR S N OHIMPEAE, IEARGEETH L, Thid, ikt
Wom,n OFaMEZZR 2L TH LY, BRSO EANEZIZ R0 6TH S,

LA Lhds, B LV EONMITERZ DT, HERO Co—ENE2V HLTHUEETESL LD
129 57201203, ﬁﬁwﬁwé%ﬂmbﬁﬁhmﬁgﬁw CReSS TlE. EEMIBOBE M L TIK
D IFEROBEIERRAL TBY, 22 Tlh Zhs oiFliconTiiRs,

o FHEE (RFLARE) : EEEICBT S HEICHNS,
o JUNMEAMMXE - HERICBISEEICHNA,
o FAMRBIKE (XA MVERE) : EEEICBLEIEICHWA,

EHRE (AT LAREE)
D&k 0. MR - A AR oZhZhofi kT, p= g — ¢ BT,

10r
= - 2.14
™= (2.149)
L\ S (2.150)

aisinp  asinp

THLW, ZORRFIEAPEETH Y. my = ng TRTNITZRSZRVBDT,
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16r r
E% = asinp (2151)
THY., fiR. KON FEAPFRLNS,
or_2p (2.152)
r sin p
IhEf &, c ZHEMERE LT,
r=c (tan g) (2.153)
MELNEH, B SIERE p TIEHEIZVOT, 2\ (2.150) ZHWT,
p
ctan =
ng=——p 2 = C2p:1 (2.154)
2a sin 3 cos 3 2a cos B
b,
5 A0 b IEA SERE
EAMRERE (XA MVEE)
T ¢ (2B SRR R DK,
2ra
n(/) = m = SeC(/) (2155)
THbH, ZOMFTIEARSE CH L DT, BEHBOIAKIZ DN T Y,
my = sec ¢ (2.156)

TRFNITR S0,

ST IEAHEREETE, MTRS B0, Mm% o, ME/jEZ § ICHMICESIRA S 2 L1 TE
5, L. WX BICBT HHERED 6 OFEE N\ T CORRER 2. FRIED 5 OME ¢ £ CoORREiZ y & THIT

T = a\ (2.157)
oy = aseco 6¢ (2.158)

HLZEWTED, y HIITO2WTL A ERE RN T,
_ L
y=aln {tan (4 + 2)] (2.159)

LB,



