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Abstract

This paper reviews nonhydrostatic atmospheric models for research and NWP. Classification of non-
hydrostatic atmospheric models and numerical methods to treat sound waves are described with their
relative advantages. The current operational nonhydrostatic NWP models at various forecast centers
and community nonhydrostatic models for research are reviewed.

Brief history and development of the JMA nonhydrostatic model, a community mesoscale model for
research and NWP in Japan, is introduced. Current status and near future plans of the operational non-

hydrostatic mesoscale model at JMA are presented.

1. Introduction

Attempt to quantitatively predict the state
of future atmosphere based on the physical
laws such as the fluid dynamics and thermo-
dynamics was started with the Richardson’s
dream in 1920’s, and more than a half century
has passed since the Charney’s historical first
success of the numerical weather prediction
(NWP). During these 85 years, the atmospheric
models have evolved from the approximated
models such as the barotropic models to less fil-
tered models to improve their accuracy. Primi-
tive models applied to the practical use in early
1970’s had made a brilliant success in the NWP
fields from regional predictions to global gen-
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eral circulations. However, primitive models
posses the approximation which replaces the
vertical momentum equation with the relation-
ship of hydrostatic equilibrium thus cannot be
applied to the simulation of small scale phe-
nomena where the aspect ratio approaches
unity. To meet the expectations to the predic-
tion of local meteorology, horizontal resolutions
of operational mesoscale models in world main
forecast centers have been becoming higher,
and are approaching several kilometers, the
limit of validity of the hydrostatic approxima-
tion.

Nonhydrostatic models were initially devel-
oped as a research tool for small scale meteo-
rological phenomena such as convection or
nonlinear mountain waves. Today, several non-
hydrostatic models have been developed and
are applied to numerical simulations and oper-
ational NWP. Following the UK Met Office
(UKMO) and the Deutscher Wetterdienst
(DWD) of Germany, the Japan Meteorological
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Agency (JMA) started its operational run of a
nonhydrostatic mesoscale model in 2004. The
National Center for Environmental Prediction
(NCEP) of USA began running nonhydrostatic
models for high resolution windows in 2004
and full-scale regionals run in 2006. The China
Meteorological Administration (CMA) also
started operational run of their nonhydrostatic
models for regional predictions in 2006. In this
paper, we review the basic concept of the non-
hydrostatic model and current nonhydrostatic
atmospheric models for research and NWP.
Brief history, recent development as for the
JMA nonhydrostatic model are also presented
with the near future plans.

2. Classification of nonhydrostatic
models

2.1 Basic equations

State of dry air can be expressed by tempera-
ture (T'), pressure (p), density (p), and three
components of wind (z,v,w). As the physical
laws, momentum equations in the three direc-
tions, the continuity equation, the thermody-
namic equation and the state equation compose
six basic equations corresponding to the six
variables. Neglecting the Coriolis force and
terms relating to the earth’s curvature and dif-
fusion, they are written as

dv 1

-y __ = _ ok 1.1
7 pr gk, (1.1)
dp

E = —/JV -V, (12)
do Q

where v is the wind vector, g the gravity accel-
eration, R the gas constant for dry air, @ the
adiabatic heating, C, (= 7R/2) the specific heat
of dry air at constant pressure, and k denotes a
unit vector in the vertical direction. The Exner
function (n) and the potential temperature (0)
are defined as

7= (}%)Rmp, (1.5)
0= % (1.6)
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where pgo is the reference pressure (normally
1000 hPa). The momentum equation may be re-
written in the following form using C, and z,

dv

— = —gk. 1.1/
7= ColV—g (1.1
Using the relation

dA 0A

-~ _ .VA 1.

g +v- VA, (1.7)

the continuity equation (1.2) and the total dif-
ferentiation can be written in the flux form as

ap

L4V (pv) =0, (1.8)
dA  0pA

Using (1.9), the momentum equation (1.1) can
be rewritten in the flux form as
apv

—+adv + Vp = —pgk,

- (1.10)

where adv is the advection in the flux form,
whose components in the x, y and z directions
are obtained by substituting u, v, and w for A
in the second term of r.A.s. of (1.9), respectively.

In the hydrostatic approximation, the vertical
momentum equation is replaced by the follow-
ing relationship of the hydrostatic equilibrium,

P _

5, = V. (1.11)

2.2 Classification of nonhydrostatic models
with the continuity equation

a. Anelastic model

The anelastc (AE) model removes sound
waves from solutions in the equation system
by a scale analysis (Ogura and Phillips 1962).
Field variables are divided into the time inde-
pendent horizontal uniform reference state ¢(z)
and its perturbation ¢'(x, y,z,¢) as

p=b+p, p=p+p, 0=0+0. (112)
Substituting the reference density in the mo-
mentum and continuity equations, we obtain
P
ait" +Adv + Vp' = —p'gk,

V.(pV)ZO’

(1.13)

(1.14)
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where the hydrostatic equilibrium is assumed
for the reference atmosphere, and Adv is the
flux form advection term where the reference
density is used.

From the state equation, the density pertur-
bation can be divided into the perturbation of
potential temperature and pressure as

, 0 C,p 0 p’

Py tre, T Pt e
where C, (= 5R/2) is the specific heat of dry air
at constant volume and Cg the speed of sound

waves. Using (1.15), the momentum equation
can be written as

(1.15)

opv , D' 0
—+Adv+V —gk =p—gk.
6t+ v+ p+ng pog
If the Exner function is used to represent the
pressure, the equation (1.1') takes the following
form

dv - 0’

gt TPV =8
where the pressure perturbation term does not
appear in the vertical momentum equation.

If we assume the constant density p,, the
momentum and continuity equations are fur-
ther reduced to the following equations for an
incompressible flow or the Boussinesq atmo-
sphere.

(1.16)

(1.16')

dv 1 0

— 4+ —Vp’' = =gk, 1.17
a o,V =8 (1.17)
V.v=0. (1.18)

The anelastic approximation is available for
most mesoscale atmospheric simulations and
had been widely used in several research
models. However, the anelastic approximation
of the continuity equation presumes the mass
conservation in the model domain thus AE
models cannot express variation of the horizon-
tal mean pressure. This approximation also re-
moves the thermal expansion of air.

Durran (1989) suggested a ‘pseudo-incom-
pressible approximation’ as an improvement
form of the anelastic continuity equation to in-
corporate the effect of the thermal expansion
of air, assuming that perturbation pressure is
negligible to the reference pressure,

V- (pv) = AL
P

, (1.19)

klw‘
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where H (= pQ) is the rate of heating per unit
volume.

As discussed in the next subsection, AE
scheme needs a 3 dimensional elliptic pres-
sure equation solver. Typical examples of the
anelastic model are Sommeria (1976), Clark
(1977) and Soon and Ogura (1980).

b. Quasi compressible model

The quasi-compressible model considers the
compressibility of air and predicts the pressure
from divergence, while the reference density is
used for momentum equations. The equation of
state does not appear since the time tendency
of density is not explicitly considered. The con-
tinuity equation formally takes the following
form

ap

—+V-(pv)=0.

- (1.20)

Using the relation of (1.15), following pressure
equation is obtained

P 3 _ p 00
i CS{V (pv) 5 at}’ (1.21)
and if the Exner function is used to represent

the pressure, the pressure equation is given by
dn Rxn C% do
—=——(V-v)+—=2 —.
dt C, C,02 dt

The r.h.s. of (1.21) and (1.21') consist of the di-
vergence and the thermal expansion of air. Mo-
mentum equation is samel! as in the anelastic
equation, (1.16) or (1.16").

The quasi-compressible model includes sound
waves in its solutions, however the accuracy
is almost same as in the anelastic model due
to the linearization. Typical examples of the
quasi-compressible model are Klemp and Wil-
hemson (1978), Pielke et al. (1992), Xue et al.
(1995) and Tsuboki and Sakakibara (2002).

c. Fully compressible model

The fully compressible model uses the com-
pressible continuity equation (1.2) or (1.8), and
the linearization with the reference atmosphere
is not employed. Since the fully compressible

(1.21")

1 Quasi compressible continuity equation (1.20)
does not satisfy the relation (1.9), thus strictly
speaking momentum equations cannot be written
in the flux form. This error may cause a computa-
tional instability. (Yoshizaki 1988; Saito 1999).
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Table 1. Classification of nonhydrostatic models and their behaviors.
Constant volume Constant pressure
Adiabatic expansion heating heating

Classification Pressure | Density Volume | Pressure | Density Volume Density
Anelastic (AE) impossible invariant | invariant | invariant | invariant
Quasi-compressible decrease | invariant | increase | invariant | invariant | invariant | invariant
without the thermal
expansion term
Quasi-compressible decrease | invariant | increase | increase invariant | increase invariant
with the thermal
expansion term
Fully-compressible decrease | decrease | increase | invariant | decrease | invariant | decrease
without the thermal
expansion term
Fully-compressible decrease | decrease | increase | increase invariant | increase decrease
with the thermal
expansion term

model includes sound waves in its solutions
and allows the time change of the density, care-
ful attentions must be paid not only on compu-
tation of sound waves but on computational
accuracy and the finite discretization because
consideration of time change of the density
sometimes causes a problem of mass conserva-
tion. Tapp and White (1976) was the first fully
compressible mesoscale nonhydrostatic model
while current most NWP nonhydrostatic
models (see Table 3) use the fully compressible
equations.

Table 1 shows the classification of nonhydro-
static models and their behaviors against ma-
nipulations. In the fully compressible system,
the pressure and the density decrease for adia-
batic expansion when the volume increases.
The anelastic system does not express the ma-
nipulation of expansion because it is inherently
incompressible. In the quasi-compressible sysy-
tem, the pressure decreases but the density is
not changed.

Another point which deserves comment is the
treatment of the thermal expansion term in the
pressure equation. In this table, in addition to
the three types of the nonhydrostatic model,
classifications are made by the consideration
of the thermal expansion, because some non-
hydrostatic models (e.g., Klemp and Wilhemson
1978; Pielke et al. 1992; Dudhia 1993; Doms

and Schaettler 1997) omit this term to avoid
numerical problems. However, this term repre-
sents a substantial part of the state equation
and is important to evaluate density perturba-
tion accurately. As shown in Table 1, even in
the fully compressible model, behaviors to dia-
batic heating differ with and without the ther-
mal expansion term in the pressure equation.
If this term is omitted, increase of pressure is
not expressed for constant volume heating, and
increase of volume is not expressed for constant
pressure heating. Klemp and Wilhelmson
(1978) concluded that the thermal expansion
term in the pressure equation was negligible
since its inclusion yielded only trivial differ-
ences in results except averaged pressure
change less than 0.5 hPa. Dudhia (1993) ex-
cused that in a model with a rigid upper bound-
ary neglecting this term may be suitable to
avoid the overestimation of atmospheric heat-
ing. However Klemp and Wilhelmson’s (1978)
result was for the one hour simulation. Omit-
ting this term may cause problems in longer
period numerical weather prediction and the
associated data assimilation cycle.

2.8 Pressure equation and treatment of sound
waves

As described in the previous section, non-

hydrostatic models are classified into anelastic
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models and compressible (elastic) models. In
terms of the treatment of sound waves, com-
pressible models can be classified further. In
the following discussion, a set of flux form equa-
tions is assumed?2. The momentum equation can
be written in the form of

v
ot
where V = pv, P = p’, h = g/C2, and FV is the
forcing tem which consists of advection and
buoyancy. For anelastic and quasi-compressible

models, the reference density is used for V.
Continuity equation in the anelastic model is

V.V=0, (1.23)

+ (V4 hk)P =FV, (1.22)

while in the compressible model, the pressure
equation is

oP

&L C2(V.V) =FP,

= (1.24)

where FP is the forcing term, such as the time
tendency of the potential temperature.

a. AE scheme

Taking total divergence of (1.22) yields the
following 3-dimensional Poisson-type pressure
diagnostic equation

V2P + % (hP) = FP.AE, (1.25)
where r.h.s. is the forcing term,
FP AE = V-FV—(%(V-V). (1.26)

The second term must be zero in the continuity
equation (1.23), while is often replaced by the
total divergence computed in the former time

steps to maintain the computational stability
(Clark 1977).

b. HI-VI scheme

The HI-VI (horizontally implicit vertically
implicit) scheme treats sound waves implicitly
for both vertical and horizontal directions. This
scheme, often referred as the semi-implicit
method, was first implemented by Tapp and
White (1976). For (1.22) and (1.24), the momen-
tum and pressure equations are as follows

2 Similar discussion can be applied to the model
which uses advective form equations (1.16’) and
(1.217). For the detail, see Steppeler et al. (2003a).
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aa_‘t’ +(V +hk)P! = FV, (1.27)
ﬁ+C§(V-W) = FP, (1.28)

ot

where over bar with superscript ¢ expresses a
weighted time averaged value defined by
1+a

At — AHA 1- * gt
5 .

5 (1.29)

Here, o is a weight parameter which deter-
mines the implicit rate3. Assuming a centered
time discretization

0A At+At _Atht

iy v (1.30)
and introducing an operator for V and P
A=Al A (1.31)
(1.27) and (1.28) can be rewritten as
\A / /
m+(V+hk)P =FV’, (1.32)
L+c§(v.v’) =FP/, (1.33)
(1+ o)At
where
-A
FV'=FV - % — (V+hKk)P', (1.34)
FP' =FP — % ~C%(V-VY. (1.35)

Taking divergence of (1.32), the following 3-
dimensional Helmholtz-type pressure equation
is obtained

V2P + aﬁ (hP') +eP' = FP.HI, (1.36)
z
where
e= f%, (1.37)
((1+ 2)AtCs)
FP’

FPHI=V-FV' — —— . 1.38

v (1+ a)AtC3 (1.38)

The pressure equation (1.36) is formally similar
to the anelastic pressure equation (1.25).

3 Tapp and White used « = 0, while « = 0.5 is used
in the JMA nonhydrostatic model. See Section
2.4.
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c¢. HE-VI scheme

The HE-VI (horizontally explicit vertically
implicit) scheme treats sound waves implicitly
only for the vertical direction. This scheme was
first developed by Klemp and Wilhemson
(1978), and often referred as the split-explicit
method because sound waves are treated in a
short time step while low frequency modes and
physical processes are treated in a long time
step. For (1.22) and (1.24), the momentum and
pressure equations are as follows with the for-
ward time integration of horizontal momentum
equations and the backward integration of ver-
tical and pressure equations,

ou oP

=t = U, (1.39)
vV oP /
w ey =FV, (1.39")
W [d _

a—t‘i‘(E-‘rh)P =FW, (1.40)
%Jrcg(v-ﬁ) — FP, (1.41)

where over bar with superscript t expresses a
weighted time averaged value defined by

145

_ 1-8
A AT — T AT 1.42
5 +— (1.42)

Here, f is a weight parameter which deter-
mines the implicit rate*. Assuming a two time
level discretization®

0A A1+A1 _ AT

— = 1.43

ot At ’ ( )
and eliminating W7, the following 1-dimen-
sional Helmholtz pressure equation is obtained

ﬂ2_‘c . .
% + 6_62 (hP?) + ¢'P* — FP.HE, (1.44)
where
2 2
/ —_—— —
¢ {(1 +ﬁ)Asz} / (145)

4 Usually f =1 is used.

5 A three time level scheme may be applicable in
the short time step integration. The JMA non-
hydrostatic model has an optional choice to use
the leap-frog scheme for time splitting of gravity
waves.
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B
(1+p)At CE 0z

N 2 U N LW N oW
(1+p)Az 0x Oy 0z
+e'P". (1.46)

The pressure equation (1.44) is formally sim-
ilar to the pressure equation of the HI-VI
scheme (1.36) except the Laplacian in the pres-
sure equation is vertically 1-dimensional.

FPHE = — Fw

2.4 Relative advantages in three methods

Here we briefly discuss relative advantages
in above mentioned three numerical methods
in the nonhydrostatic model.

As for the accuracy, AE scheme includes the
approximation of incompressibility and lineari-
zation of basic equations with the reference
state. These approximations have little influ-
ences in most cloud scale simulations. How-
ever, neglecting of compressibility assumes the
preservation of total mass in the model domain,
and this assumption is not necessarily assured
in large scale computations. Beside, deviation
from the horizontal homogeneous reference
state becomes large when the model domain is
large. No special approximations are included
in HI-VI and HE-VI schemes in principle. Im-
plicit treatment of gravity waves may deform
meteorologically meaningful gravity waves in
HI-VI scheme if a very large time step was
chosen. In HE-VI scheme, the acoustic filter
which damps the divergence to attenuate sound
waves is often required in momentum equations
(Skamarock and Klemp 1992). It seems both
points yield no practical errors in the prediction
of mesoscale meteorological phenomena.

Computational robustness is generally good
in AE scheme because sound waves are re-
moved from its solution. In HI-VI scheme,
most models treat only the basic state implic-
itly thus computational problem may arise in
case perturbation from the basic state becomes
large. The linear stability analysis for sound
waves for HI-VI scheme without orography
was given by Tapp and White (1976) for the
case of & = 0. They showed that a stability cri-
terion is At < 1/N, where N is the Brunt-
Vaisala frequency. Ikawa (1988) made a stabil-
ity analysis with orography and showed that
o> 0 is needed when orography is incorpo-
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rated, and for a very steep mountain HI-VI
scheme becomes unstable no matter what value
of « is chosen. His suggestion was confirmed by
the Steep Mountain Model Intercomparison
Project (St-MIP) by Satomura et al. (2003).
They showed that with the terrain-following co-
ordinates, HI-VI scheme faced instability in a
very steep mountain case where the slope angle
exceeds 26.5 degree, while HE-VI scheme could
complete the time integration®. This instability
in HI-VI scheme does not cause a serious prob-
lem in the ordinary mesoscale NWP with a hor-
izontal resolution of a few kilometers where
very steep orography is not included.

Skamarock and Klemp (1992) conducted a
stability analysis of the interaction between
acoustic modes and advection in HE-VI scheme.
They showed that weak instability regions
arise when the number of small time step is in-
creased but the instability can be removed by a
time filter (Robert 1966). They also proposed a
divergence filter which damps acoustic mode
and improves the stability when the implicit
rate is small.

The difference of pressure equations charac-
terizes the advantage and disadvantage among
the three methods. In HE-VI scheme, the ellip-
tic pressure equation (1.44) is one-dimensional
and is easily solved by the Gaussian elimina-
tion. Scalability is good for parallel computing
because all-to-all inter-node communication is
not required. Since the elliptic pressure equa-
tions of AE and HI-VI schemes ((1.25) and
(1.36)) are 3-dimensional, efficiency of these
models depend on the numerical solver for the
elliptic equation.

One choice is the use of a direct method such
as the dimension reduction method (Ogura
1969). Tkawa and Saito (1991) used a direct
method with an iterative procedure for their
AE scheme. Saito (1997) applied the direct
method to HI-VI scheme and removed the iter-
ative procedure when the surface friction is in-
corporated. The dimension reduction method

6 Another important indication by Satomura et al.
(2003) is that contrary to the presumption, the
use of terrain-following coordinates does not
cause a clear error on the results of mountain
wave simulation even in the steepest mountain
case. They concluded that the z* terrain-following
coordinates can be employed in high resolution
models which contain steep slopes about 45
degree.
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employs eigen function transform, which is in-
terpreted as a kind of a spectral method. The
computation in the operation of tensor product
increases proportionally to the third power of
the model size N (grid number in each direc-
tion). In this point of view, spectral method is
applicable to the HI-VI scheme and has been
employed in some HI-VI models (e.g., Juang
2000; Goda and Kurihara 1991). The double
Fourier transform decreases the computational
amount from N3 to N2 log(N) with FFT, how-
ever, inter-node communication is required
thus the 3-dimensional elliptic equation is still
a drawback for a large scale computation in
parallel computing architectures.

Another choice is the use of iterative solvers
for the elliptic equation. Since the conventional
successive over relaxation (SOR) scheme is not
suitable for parallel computation, the parallel
SOR (PSOR) method has been proposed by Xie
and Adams (1999). Current common methods
in NWP models are the conjugate gradient
method or conjugate residual method with ap-
propriate preconditioners (e.g., Kapitza and
Eppel 1987; Ajmani et al. 1994). A generalized
conjugate residual method is used in UM of
UK Met Office (Staniforth et al. 2002). Multi-
grid methods (Douglas 1992) have been pro-
posed to reduce the inter-node communication.
Ishii and Kurihara (2002) tested PSOR and
multi-grid methods by applying them to the
JMA ocean model, and reported that the multi-
grid method was faster than PSOR method in a
large scale parallel computation.

To further relax the integration time step
constraint in HI-VI scheme, implicit treatment
of gravity waves (e.g., Cullen 1990) is often
combined with a Lagrangian treatment of ad-
vection (e.g., Tanguay 1990; Golding 1992; Be-
noit et al. 1997). This method, the semi-implicit
semi-Lagrangian (SI-SL) scheme is often em-
ployed for global-regional unified NWP models
(see Section 3). In case of HE-VI scheme, hori-
zontally propagating sound waves may be det-
rimental to implement the semi-Lagrangian
scheme.

Table 2 summarizes the comparisons of the
three methods. Relative efficiency may depend
on the computer architectures. Considering the
inter-node communication in HI-VI scheme,
HI-VI scheme may be suitable for vector pro-
cessor computers while HE-VI scheme is more
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Table 2. Comparison of numerical methods for nonhydrostatic model.
Compatibility
Scalability | Efficiency in | with semi- | Compatibility
Computational | Pressure | in parallel large scale Lagrangian | with spectral
Method | Accuracy | robustness equation | computation | computation scheme method
AE Anelastic Good 3D Depends on | Depends on | Good Good
approxi- Poisson elliptic solver | elliptic solver
mation
HI-VI | Good Fair 3D Depends on | Depends on | Good Good
Helmholtz | elliptic solver | elliptic solver
HE-VI | Good Fair 1D Good Good Sound waves Fair
Helmholtz exist

appropriate to massive parallel scalar com-
puters. Saito et al. (1998) made a comparison
of computational times between HI-VI scheme
of MRI-NHM and HE-VI scheme of LM at
DWD on the DWD’s CRAY super computer.
They reported that a rough yardstick which de-
termines the comparative efficiency of the two
models was given by the relative magnitude
between the Courant number for sound wave
speed and the number of iterative procedures
in the elliptic pressure equation solver in HI-
VI scheme. Thomas et al. (2000) implemented
a HI-VI scheme in LM, while reported that
HE-VI scheme was more efficient for limited
area NWP applications. Similar tendency can
be seen in the comparison between HE-VI and
HI-VI schemes in the JMA nonhydrostatic
model. However in their results, reduction
of computer time with the semi-Lagrangian
scheme was not considered.

Compatibility with high-order time and
space discretization schemes may be better in
HE-VI schemes, because in HI-VI scheme the
3-dimensional pressure equation must be dis-
cretized in a matrix form to apply the numer-
ical solver. Comparison of HE-VI and HI-VI
schemes have not been made fully, and more
systematic intercomparison should be con-
ducted.

3. Nonhydrostatic models for NWP and
research

3.1 Nonhydrostatic NWP models at
operational centers
Table 3 summarizes nonhydrostatic NWP
models in main forecast centers. As of Septem-

ber 2006, five nonhydrostatic models (UM, LM,
JMA-NHM, WRF-NMM and GRAPES) have
been used for full-scale regional predictions
at UKMO, DWD, JMA, NCEP and CMA, re-
spectively. WRF-ARW has been employed for
weather predictions in the limited area high
resolution windows over US and for some mem-
bers in the short range ensemble forecast sys-
tem (SREF) at NCEP. Canadian GEM and
NCEP RSM have been operated using hydro-
static dynamics, while they have nonhydro-
static options.

a. UK Met Office

UKMO was the first operational center which
implemented a nonhydrostatic model for opera-
tional NWP. The UKMO Mesoscale Model
(Golding 1990) was introduced in 1985 with a
resolution of 15 km L16. The model was origi-
nated from the Tapp and White (1976) HI-VI
model with the inclusion of orography by Car-
penter (1979). Vertical resolution was enhanced
to L32 in 1990. Although this mesoscale model
was replaced with the hydrostatic Unified
model (UM; Cullen 1993), a SI-SL nonhydro-
static version of UM (new dynamics; Staniforth
et al. 2002) was implemented and has been
used for operational NWP since August 2002
(Davies et al. 2005). The current UM opera-
tional specification is 0.5625 deg x 0.375 deg
(about 40 km) L50 for a global model and
12 km L38 for North Atlantic and Europe
(NAE) area (Fig. 1). Since UM does not have
a hydrostatic option, both regional and global
computations are done with the nonhydrostatic
dynamics, and this is the first operational im-
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Table 3. Nonhydrostatic NWP models (as of November 2006).
Country
(Forecast Domain and
Model center) Method Full operation Resolution References
UKMO UK HI-VI 1985-1993 UK 15 km L32 Tapp and White
Mesoscale (UKMO) (1976)
Model Carpenter (1979)
Golding (1990)
UM UK SI-SL Aug 2002— Global 40 km L50 Cullen (1993)
(UKMO) NAE 12 km L38 Staniforth et al.
UK 4 km L38 (2002)
Davies et al. (2005)
LM Germany HE-VI 1997 Europe 7 km 140 Doms and
(DWD) (Germany 2.8 km in | Schaettler (1997)
2007) Steppeler et al.
(2003b; 2006)
JMA-NHM Japan HE-VI Sep 2004— Japan and its Tkawa and Saito
(JMA, MRI) | (HI-VI surroundings 5 km | (1991)
option) L50 Saito et al. (2001;
2006)
WRF-NMM USA HE-VI June 2006— North America Janjic (2001; 2003)
(NCEP) (Nov 2004 for 12 km L60
HiRes Window, SREF 40 km L50
2005— for SREF) | (3 members)
WRF-ARW USA HE-VI Nov 2004— for SREF 45 km L35 Skamarock et al.
(NCAR) HiRes Window (3 members) (2005)
2005— for SREF Klemp et al. (2007)
Skamarock and
Klemp (2007)
RSM USA HI-VI 1997—- Hawaii SREF 40 km 128 Juang (2000)
(NCEP) (Spectral) | (Hydrostatic (5 members) Juang et al. (1997)
option) Hawaii 10 km L40
GEM Canada SI-SL Oct 1998 Global 0.3 deg L58 Tanguay et al.
(MSC) (Hydrostatic Regional 15 km (1990)
option) (0.1375 deg) L58 Cote et al. (1998a,b)
Yeh et al. (2002)
GRAPES China SI-SL July 2006— Meso 30 km L33 Chen and Xue
(CAMS) (2003)
Chen et al. (2003)
ALADIN-NH | France etc. | HI-VI 9.5 km Bubnova (1995)
(Hydrostatic)
NH HIRLAM | Denmark HE-VI 0.05-0.5 degree Mannik and Room
etc. or SI-SL (Hydrostatic) (2001)
Room et al. (2006)
AROME France SI-SL Bouttier (2003)
(Meteo- Benard et al. (2005)
France)
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Domain of UKMO North Atlantic
and European (NAE) model. Small rect-
angle indicates the domain of the 4 km
nested model. By courtesy of Andrew
Lorenc of UKMO.

Fig. 1.

plementation of a global nonhydrostatic model.
For analysis, 4D-Var has been implemented
since October 2004 for the global model and
March 2006 for the regional model. Another
high resolution nested model which covers UK
domain with the resolution of 4 km L38 has
been run additionally. A 1.5 km model has
been tested in trial mode when severe weather
is expected.

UM has been operated at the Thai Meteoro-
logical Department, too (34 km horizontal reso-
lution for Southeast Asia and 17 km for Thai-
land).

b. Germany

DWD has been running a nonhydrostatic lim-
ited area model LM (Lokal-Modell; Doms and
Schaettler 1997) since 1997 with a horizontal
resolution of 7 km. Development of LM started
in 1995 at DWD and the first version was
constructed from DWD’s regional model DM
(Deutschland Modell) by replacing its hydro-
static solver by a nonhydrostatic dynamical
core. Rotated geographical horizontal coordi-
nates and terrain-following vertical coordinates
were employed, with a HE-VI treatment of
sound and gravity waves. Since September
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Fig. 2. The icosahedral grid global model
GME at DWD and domain of LM. By
courtesy of Detlev Majewski of DWD.

2005, the number of model levels has been en-
hanced from 35 to 40 and the domain has been
enlarged from 325 x 325 to 665 x 667. Lateral
boundary condition is supplied by the Icosahe-
daral grid global model GME (Majewski et al.
2002) as shown in Fig. 2. For data assimilation,
nudging has been employed to initialize LM,
where SYNOP, METAR, TEMP, AMDAR and
windprofiler data are assimilated. DWD will
introduce a high resolution LM (called LMK)
which covers Germany and its surroundings
with a horizontal resolution of 2.8 km L50 in
April 2007. LMK will resolve deep convection
explicitly and use radar reflectivity (precipita-
tion scan) via the latent heat nudging tech-
nique.

LM has been operated in Italy, Greek and
Swiss under COSMO (Consortium of Small
scale Modelling) project. A HI-VI version (Tho-
mas et al. 2000) and a very high resolution
version using the shaved cell representation of
mountains (Steppeler et al. 2006) have also
been developed.

c. JMA nonhydrostatic model (JMA-NHM)
JMA replaced a hydrostatic spectral meso-
scale model with a nonhydrostatic model
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Fig. 3. Domain of the JMA mesoscale
model (MSM; inner rectangle). Outer
rectangle indicates domain of the JMA
regional model (RSM).

(JMA-NHM; Saito et al. 2006) in September
2004. The model covers a domain of
3600 km x 2880 km which covers Japan and
its surrounding areas (Fig. 3). Since March
2006, the resolution has been enhanced from
10 km L40 to 5 km L50. Lateral boundary con-
dition is supplied by the JMA hydrostatic re-
gional spectral model (RSM) whose horizontal
resolution is 20 km. As for data assimilation,
the Meso 4D-Var (Koizumi et al. 2005) has
been implemented since March 2002, and a
similar 4D-Var system has been implemented
to regional analysis since June 2003. Although
these 4D-Var systems are currently based on
the hydrostatic spectral model, a nonhydro-
static mesoscale 4D-Var system is under devel-
opment.

JMA-NHM was put into trial operation at
the Hong Kong Observatory (HKO) with a hori-
zontal resolution of 5 km and 45 vertical levels
in April 2004. It was upgraded in April 2005 to
run on an hourly basis to provide rapidly up-
dated quantitative precipitation forecast (QPF)
to blend with the radar nowcasting products in
RAPIDS (Rainstorm Analysis and Prediction
Integrated Data-processing System; Li et al.
2005; Wong et al. 2006).

Detail of JMA-NHM and its relevant works
are described in Section 4.

d. USA
NCEP has been running a regional model 4
times a day (84 hour for 00, 06, 12 and 18
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Fig. 4. Domain of NCEP limited area
models. The outer domain indicated
the domain of NAM. Inner rectangles
show the HiRes Window. After NCEP
homepage (http:/wwwt.emc.ncep. noaa
.gov/).

UTC) for the NAM (Northern American Meso-
scale) domain with a resolution of 12 km L60.
In June 2006 the nonhydrostatic WRF-NMM
(Weather Research and Forecasting Nonhydro-
static Mesoscale Model; Janjic 2003) replaced
the hydrostatic Eta model as the NAM model.
The terrain-following, hybrid, hydrostatic
pressure-sigma vertical coordinate is used. HE-
VI treatment of sound waves is combined with
the Adams-Bashforth scheme for horizontal
advection and the Crank-Nicholson scheme for
vertical advection, which conserves enstrophy,
kinetic energy and momentum. A successive
assimilation system with 3D-Var called the
Grid Statistical Interpolation (GSI) is used.

In the NAM domain, high resolution limited
area models have been nested for domains
called HiRes Window (Fig. 4). Currently, six do-
mains (Alaska, Hawaii, Puerto Rico, Western
US, Central US and Eastern US) are being
run. In addition to the WRF-NMM, another
version of WRF (WRF-ARW; Advanced Re-
search WRF; Skamarock et al. 2005) and a re-
gional spectral model (RSM; Juang et al. 1997)
are employed. WRF-ARW has been developed
at NCAR as a successor to MM5 for research
and operation. A HE-VI time splitting method
using high order schemes in space (fifth order)
and time (third order Runge Kutta) are em-
ployed with hydrostatic pressure (mass) ver-
tical coordinates. RSM has a nonhydrostatic op-
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tion (Juang 2000) but operational run has been
done with the hydrostatic dynamics. NCEP also
has been developing another SI-SL type non-
hydrostatic model (Kar et al. 2005).

NCEP has been operating a short range en-
semble forecasting system SREF (Short Range
Ensemble Forecasting; Du and Tracton 2001).
The current system consists of 10 members of
32 km L60 Eta model, 5 members of 40 km
L28 RSM, 3 members of 40 km L50 WREF-
NMM and 3 members of 45 km L35 WRF-
ARW.

Since 2004 WRF-NMM has been run experi-
mentally with 4.5 km L35 resolution over the
eastern three-fourths of the United States
(Weiss et al. 2006). A version of the WRF-
NMM with multiple moving nests is being de-
veloped for hurricane forecasting (Hurricane
WRF). This model will replace the current
NCEP operational hurricane model in 2007
(Gopalakrishnan et al. 2006).

e. Canada

At Environment Canada, Recherche en previ-
sion numerique (RPN) from the Meteorological
Research Division, in collaboration with the
Canadian Meteorological Centre has developed
the SI-SL unified GEM (Global Environmental
Multiscale) model (Cote et al. 1998a, 1998b).
GEM is a grid-point model and can accommo-
date a global uniform latitude-longitude grid
resolution, a global variable grid resolution, as
well as a limited-area grid. Operationally, the
variable grid GEM model has been first run in
regional mode (Reg-GEM) since February 1997
with a high resolution window of 35 km (0.33
degree) L.28 for 48 hour forecasts. In May 2004,
the resolution has been increased to 15 km
(0.1375 degree) L58. Using a variable grid
mesh, the horizontal resolution over Canada is
enhanced without lateral boundary conditions
(Fig. 5). A 4D-Var data assimilation system
(providing initial conditions to the global, uni-
form grid GEM model for medium-range fore-
casts) has been implemented in March 2005
for the uniform resolution assimilation cycles,
on which a 3D-Var regional spin-up cycle is
superimposed to provide initial conditions for
up to 48 hour regional forecasts.

Although GEM has a non-hydrostatic option
(Yeh et al. 2002), the hydrostatic primitive
equations are employed for operational NWP.
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Fig. 5. Domain of variable grid GEM at
MSC. By courtesy of Jean Cote of RPN.

A nonhydrostatic very high resolution limited-
area nested version of GEM (GEM-LAM) has
been tested with a horizontal resolution of
2.5 km and down to 250 m.

f. China
The National Meteorological Center of China
Meteorological Administration (NMC/CMA)

started operational run of a limited area non-
hydrostatic model GRAPES_Meso in July 2006
with a resolution of 30 km L33, replacing the
CMA’s former hydrostatic limited area model.
GRAPES (Global/Regional Assimilation Pre-
diction System) is a SI-SL global regional uni-
fied model, developed by the Chinese Academy
of Meteorological Sciences (CAMS; Chen and
Xue 2003; Chen et al. 2003). The latitude longi-
tude spherical coordinate and terrain-following
Lorenz type vertical coordinates are employed.
A preconditioned generalized conjugate resid-
ual method is employed for the 3-dimensional
Helmholtz pressure equation solver. CAMS
has started a technical cooperation with NCAR
since 2002, and GRAPES has a common design
with WRF-ARW regarding architecture specific
tasks such as I/0O functions called driver layer,
grid numbering configurations and some parts
of physical process packages. CMA is planning
to run a global version of GRAPES quasi-
operationally in 2007.
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g. ALADIN, HIRLAM and AROME project

Meteo France has been running a hydrostatic
spectral limited area model ALADIN (Aire
Limitée Adaptation dynamique Développement
Inter-National) for a 2740 km square domain
with a resolution of 9.5 km L41. 3D-Var is em-
ployed for data assimilation. ALADIN has also
been operated in Algeria, Austria, Belgium,
Bulgaria, Croatia, Czech Rep., Hungary, Mo-
rocco, Poland, Romania, Slovakia, Slovenia
and Tunisia with a horizontal resolution 7—
31 km. Bubnova et al. (1995) developed an ex-
perimental nonhydrostatic version of ALADIN
(ALADIN-NH) which uses hydrostatic pressure
as the vertical coordinate.

Eight European countries (Denmark, Fin-
land, Iceland, Ireland, Holland, Norway, Spain,
and Sweden) have been operating a community
hydrostatic limited area model HIRLAM (High
Resolution Limited Area Model; Unden et al.
2002) cooperating with Meteo France and
ECMWEF. These countries are running the
model with different domains and resolutions.
HIRLAM has two versions, an Euler version
and a semi-Lagrangian version. Denmark, Fin-
land and Spain are employing the Euler ver-
sion while other countries are running the
semi-Lagrangian version. Nonhydrostatic ver-
sions of HIRLAM (NH HIRLAM) have been
presented by Mannik and Room (2001) for
the Euler version (HE-VI) and by Room et al.
(2006) for the semi-Lagrangian version (SI-SL).

A project developing a nonhydrostatic com-
munity NWP model, AROME (Application of
Research to Operations at Mesoscale; Bouttier
2003), has been underway. AROME is a SI-SL
updated version of ALADIN-NH with physics
of the Meso-NH cloud resolving model (Meso-
NH; Lafore et al. 1998). Meteo France, as well
as several HIRLAM countries, have a plan to
introduce AROME with a 2.5 km resolution in
2008 for operational mesoscale NWP.

3.2 Nonhydrostatic community models

Table 4 summarizes typical nonhydrostatic
community models. Most models in this table
were developed as cloud models initially and
have been modified for realistic simulations.

Cotton and Tripoli’s (1978) cloud model has
been extended at Colorado State University
(CSU) to the Regional Atmospheric Modeling
System (RAMS). RAMS has been widely used
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in research fields that includes climate studies
to LES. At CSU, RAMS has been used for real
time forecasting with 48 km, 12 km and 3 km
grid spacing (Cotton et al. 2003). At Wisconsin
University, RAMS has been modified to a step
mountain model as the University of Wiscon-
sin—Nonhydrostatic Modeling System (http:/
cup.aos.wisc.edu/uw-nms.html).

Klemp and Wilhelmson’s (1978) cloud model
has been modified at the US Naval Research
Laboratory (NRL) to the Coupled Ocean/
Atmosphere Mesoscale Prediction System
(COAMPS; Hodur 1997). NRL has also been
running COAMPS with a horizontal resolution
6 km for the operational typhoon track forecast.

Soong and Ogura’s (1980) cloud model has
been modified at the NASA Goddard Space
Flight Center (GSFC) to the Goddard Cloud
Ensemble (GCE) model (Tao and Simpson
1993). The GCE model has been used to simu-
late many different mesoscale convective sys-
tems and to study the role of physical processes
in convective systems.

Sommeria’s (1976) cloud model has been
modified at Meteo France to the Meso-NH
model (Lafore 1998) and used for quasi opera-
tional NWP. Although the Meso-NH model
uses anelastic formula, time change of the hori-
zontal mean pressure is considered by comput-
ing the mass flux at lateral boundaries.

Xue et al. (1995) of the Center for Analysis
and Prediction of Storms, the Oklahoma Uni-
versity, have developed the Advanced Regional
Prediction System (ARPS). ARPS has been ap-
plied to many storm scale simulations and was
used experimentally in HKO for research and
development on local scale prediction. With the
ARPS Data Analysis System (ADAS), the Okla-
homa University has been run a daily real time
analysis and forecast with 27 km, 9 km and
3 km horizontal resolutions.

Tsuboki and Sakakibara (2002) of Nagoya
University and the Research Organization for
Information Science & Technology (RIST) in
Japan have developed the Cloud Resolving
Storm Simulator (CReSS). CReSS has been de-
signed to perform cloud to mesoscale simula-
tions on parallel computing facilities. Using the
Earth Simulator, a simulation of typhoon with
a 1 km horizontal resolution has been success-
fully performed (Tsuboki 2006).

Some community nonhydrostatic models
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Table 4. Cloud models and community nonhydrostatic models.
Model Main developer | Numerical Method References Remarks Website
RAMS CSU HE-VI Tripoli and Cotton http:/rams.atmos.colostate
Quasi-compressible | (1982) .edu/
Pielke et al. (1992)
Cotton et al. (2003)
COAMPS | US NRL HE-VI Klemp and Wilhelmson | http:/www.nrlmry.navy
Quasi-compressible | (1978) .mil /coamps-web/web/home
Hodur (1997)
GCE NASA/GSFC AE Soong and Ogura (1980) | http:/www.asd.ssc.nasa
Tao and Simpson (1993) | .gov/m2m/model_report
Tao (2003) .aspx?model_id=1603
Meso-NH | Meteo France | AE Sommeria (1976) http:/mesonh.aero.obs-mip
Redelsperger fr/mesonh/
and Sommeria (1986)
Lafore et al. (1998)
ARPS CAPS HE-VI Xue et al. (1995; 2003) http:/www.caps.ou.edu/
ARPS/index_flash.html
CReSS Nagoya HE-VI Tsuboki and Sakakibara | http:/cf.tokyo.rist.or.jp/
University, Quasi-compressible | (2001) CReSS.top.html
RIST
MM5 NCAR, PSU HE-VI Dudhia (1993) http://www.mmm.ucar.edu/
Grell et al. (1994) mmb5/
MC2 RPN SI-SL Tanguay et al. (1990) http:/www.cccma.ec.ge.ca/
Laprise (1992) models/crem.shtml
Benoit et al. (1997)

originate from mesoscale models. Dudhia (1993)  documented and the source codes are distrib-

developed a nonhydrostatic version of the Penn
State-NCAR mesoscale model, MM5. Hydro-
static reference state pressure is employed for
vertical coordinates. Among the community
nonhydrostatic models, MM5 has been most
widely used in research fields. In several coun-
tries (e.g., Korea, Brazil and China), MM5 has
been used as the operational NWP model. A
4D-Var analysis system (Zou et al. 1998) has
been developed and opened to the public as a
research tool.

Canadian MC2 (Benoit et al. 1997) was de-
veloped at RPN. The SI-SL formulation with a
terrain-following coordinate was designed for
research activities in high resolution weather
forecasting. A model based on MC2 has been
applied for regional climate modeling at the
Climate Research Division at Environment
Canada.

These community models are generally well

uted to users on websites. In addition to the
models listed in Table 4, several cloud models
have been employed for numerical simulations.
Formerly, the businesses of cloud models were
distinguished from those of operational NWP
models. However, recent most mesoscale NWP
models are applicable to cloud scale researches
as well. Figure 6 shows an example of a cloud
resolving simulation by JMA-NHM with a hori-
zontal resolution of 1km (Eito el al. 2004).
Cloud streaks associated with the cold air out-
break over the Sea of Japan in winter are very
well reproduced. The border between NWP
mesoscale models and community research
models has been becoming unclear.

3.3 Global nonhydrostatic model

As described in the previous subsection,
some forecast centers have been operating/
developing global regional unified nonhydro-
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a) Visible satellite image by GMS-5 at 03 UTC 14 January 2001. b) Corresponding accumu-

lated cloud water predicted by JMA-NHM with a horizontal resolution of 1 km. Five hour forecast
from initial time 22 UTC 13 January 2001. After Eito et al. (2004).

static models. One of the merits of the unified
model is that a common source programming
code can be used for global and regional predic-
tions, which may promote an efficient model
development. This merit is important in data
assimilation where tangent-linear and adjoint
models are required in the 4D-Var system. An-
other demand is the very high resolution global
simulation for climate researches and the fu-
ture NWP. Although current horizontal resolu-
tions of global models in main forecast centers
are several tens of kilometers, they will become
less than 10 km in the next few decades. The
global cloud resolving simulation may remove
the uncertainty of climate models due to the
convective parameterization.

In the global nonhydrostatic model, the use
of the latitude-longitude grid is faced with the
‘pole problem’, where grid spacing in the latitu-
dinal direction decreases near poles and the
time step is restricted by the CFL condition.
Current most common manner in operational
NWP models to avoid the pole problem is the
SI-SL method. The SI-SL scheme for a global
model by Staniforth and Cote (1991) has been
evolved to UM of UKMO and GEM of MSC.
Other SI-SL global nonhydrostatic models can

be seen in Qian and Semazzi (1988) and
GRAPES of CMA. Although relatively large
time step can be taken, convergence and effi-
ciency of the elliptic pressure solver may be-
come a problem in a very high resolution case
in this type of global model.

Another approach to realize the global non-
hydrostatic model is to use quasi-uniform grid
configurations on the sphere. The Frontier Re-
search Center for Global Change (FRCGC) of
Japan has developed an icosahedral grid non-
hydrostatic model NICAM (Nonhydrostatic Ico-
sahedral Atmospheric Model; Tomita and Satoh
2004; Fig. 7a). A global cloud resolving simula-
tion using the Earth Simulator has been con-
ducted with a horizontal resolution of 3.5 km
(Satoh et al. 2005). Icosahedral grid global
model has been used at DWD for the opera-
tional hydrostatic model GME. The Max Planck
Institute for Meteorology (MPI-M) and DWD
have been developing another icosahedral non-
hydrostatic model (ICON-Project; Heinze et al.
2005).

Another type of grid configuration on the
sphere, the cubic conformal grid, has been pre-
sented by McGregor (1996) and Rancic et al.
(1996). Recently, Muroi (2006) developed a
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Fig. 7.
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a) Icosahedral grid. By courtesy of Masaki Satoh of FRCGC. b) Cubic conformal grid. By

courtesy of Chiashi Muroi of JMA. ¢) Ying-Yang grid. By courtesy of Keiko Takahashi of ESC.

cubic conformal grid nonhydrostatic model (Fig.
7b). Although the uniformity of grid spac-
ing is inferior to the icosahedral grid near the
corner of each panel, this type of model has an
advantage in the applicability to the regional
prediction.

Some trials have been done to cover the globe
by plural limited area model domains. Dudhia
and Bresch (2002) developed a global version
of MM5 by combining two Polar-stereo graphic
projection domains and conducted one month
simulation. A similar combined global model
with MMS5 has been tested at the Thai Meteoro-
logical Department with a resolution of 60—
120 km (Baimoung 2006; personal commu-
nication). Takahashi et al. (2005) developed a
non-hydrostatic model MSSG (Multi-Scale Si-
mulator for Geoenvironment) on a ‘Ying-Yang’
grid system, which covers whole global surface
by two rotated latitude-longitude grid domains
(Fig. 7c), and performed a high resolution
(5 km) global simulation on the Earth Simu-

lator. Purser et al. (2005) has also tested a
Yin-Yang approach with WRF-NMM model.
The interactive (2-way) nesting method is em-
ployed to exchange information between the
limited-area domains in these combination-
type models.

As shown in Appendix, basic equations in the
curvilinear coordinate on the sphere can be con-
verted to the latitude-longitude grid by imple-
menting two map factors. Saito (2001) devel-
oped a global version of MRI/NPD-NHM using
the cylindrical equidistant projection on the
HI-VI scheme. The cylindrical equidistant pro-
jection has also been implemented to the HE-
VI scheme of JMA-NHM by Yamazaki and
Saito (2004). Figure 8 shows a 72 hour simula-
tion by JMA-NHM with a horizontal resolution
of 0.5 degree. In this figure, high latitude areas
near north and south poles are computed two
conformal polar-stereographic domains and the
cylindrical equidistant projection domain covers
from 70 S to 70 N. Although the computation of
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Fig. 8. Virtual water vapor satellite im-
age by JMA nonhydrostatic model with
a horizontal resolution of 0.5 degree. 72
hour forecast from the initial time 00
UTC 9 July 2002. (Yamazaki 2006; per-
sonal communication).

three domains was separately conducted in this
trial, this ‘capped type’ combination model may
be interesting because it can avoid the draw-
back of the aforementioned combined models
where the joints between limited area model
domains cross the mid-latitude areas over the
earth.

Spectral global nonhydrostatic models have
also been under development. Juang (2003)
presented a HI-VI type spectral global nonhy-
drostatic model as a candidate of next genera-
tion NWP model at NCEP. A problem of the
spherical harmonic spectral method is that the
computational amount increases with third
order against the size of the model domain. To
overcome this problem, Yoshimura and Matsu-
mura (2005) developed a global model using the
double Fourier series, whose nonhydrostatic
version is under development.

4. The JMA nonhydrostatic model

4.1 MRI-NHM
a. Nonhydrostatic model developed at the
Forecast Research Department at MRI
Japan has long history in developing non-
hydrostatic models. Takeda (1971) developed
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a cloud model with seven categorized size dis-
tribution of water drops and simulated a
long-lasting precipitating convective cloud. Ta-
kahashi (1975) introduced a bin method into
Ogura and Phillip’s (1962) anelastic model to
simulated the formation of hail with an axi-
symmetric model.

At MRI, Yamasaki (1975, 1984) developed a
cloud model and studied interaction between
cumulus convection and large-scale motion
regarding the formation of tropical cyclone.
Aihara and Okamura (1985) developed a non-
hydrostatic compressible model and studied
mountain flow. Ikawa (1988) developed a non-
hydrostatic model with orography and com-
pared three (AE, HI-VI, HE-VI) computational
schemes of nonhydrostatic models. Satomura
(1989) developed a fully copressible model us-
ing boundary fitting computer generated grids
for simulations of small scale phenomena with
steep orography. Murakami (1990) also devel-
oped an anelastic cloud model to study bulk
cloud microphysics.

Tkawa’s (1988) model was initially developed
as a research tool to compare the computa-
tional scheme of nonhydrostatic model with
orography. Following Clark (1977), the terrain-
following vertical coordinate

* H (Z - ZS)

2' = e (4.1)
and the metric tensors for the coordinate trans-
formations by Gal-Chen and Somerville (1975)
were employed

G1/2:17%9’ G1/2G13<§1>6623,
x
22 _ (21 1) %%
G"*G* = (H 1) oy (4.2)

where z; is the surface height and H is the
model top height.
The continuity equation was given by
ou ov  owr

DIVT = — + — =
v (3x+6y oz*

0, (4.3)

for the anelastic model. Here

U=pGY%u, V=p5G"%, W=75G"w, (4.4)
.1
W' =5 (W+GPGREU + GT2G®Y). (45)



288 Journal of the Meteorological Society of Japan

This model was further evolved by inclusion
of Lin et al. (1983) cloud microphysics, a turbu-
lent closure model based on Deardorff (1980)
and treatment surface processes for sea and
land. A comprehensive documentation was pub-
lished in the Technical Report of MRI (Ikawa
and Saito 1991), as a nonhydrostatic model de-
veloped at the Forecast Research Department
of MRI.

b. Nested model

The Tkawa and Saito’s (1991) model was
modified to a nested model (MRI-NHM) to real-
istically simulate mesoscale phenomena (Saito
1994). For the dynamical core, AE scheme was
adopted. In order to obtain a non-divergent
mass consistent initial field, a variational cal-
culus (Sherman 1978) was implemented, where
(4.3) was used as the constrain to minimize the
following cost function.

J = J {02(U — Up)® 4 o2(V — Vp)?
v

+o3(W* —W;)2+ ADIVT} dxdydz*, (4.6)

where Uy, Vj, and W; mean components of in-
terpolated momentum (first guess) in x, y and
z* directions, and «; and oy are weight parame-
ters. Orlanski’s (1976) radiative condition was
employed with the time depending lateral
boundary condition and mass fluxes through
lateral boundaries were adjusted to maintain
the mass conservation. Saito (1994) applied
this model to reproduce a local downslope wind
in Shikoku (Yamaji-kaze) and showed a good
agreement between simulation and observed
time evolution of surface wind when a strong
typhoon approached western Japan.

c¢. Quasi-compressible version

Saito (1993) reimplemented a quasi-com-
pressible version to MRI-NHM using the HI-VI
scheme. Continuity equation was as follows

op oU oV oW+
A A 4.7
Ty T (4.7)
Pressure equation was as (1.21), and the di-
mension reduction method employed in AE
scheme was applied to the Helmoholtz-type
pressure equation solver.
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d. Fully compressible version with a map
factor
A semi-implicit, fully compressible version of
MRI-NHM including a map factor was devel-
oped by Saito (1997), where the linearlization
using the reference atmosphere was removed.
Density was defined by the sum of masses of
moist air and the water substances per unit
volume as

pEpd+pv+pc+pr+pi+ps+pga (48)

where subscripts ¢, r, i, s and g stand for the
cloud water, rain, cloud ice, snow, and graupel,
respectively. p,; is the density of dry air and p,
that of water vapor.

Introducing a map factor m, the continuity
equation is given by

G2 o + DIVT = PRC,

- (4.9)

where DIVT is the total divergence in z* coordi-
nate and U, V, and W* are defined by

U oV oW+

—m? =4+
DIVT =m <ax + ay> e (4.10)

1/2 1/2 1/2
U:pG u7 V:pG v’ W:pG w’

m m m

(4.11)

W*:a%ﬁMHJMGWGBU+GWG%V»

(4.12)

PRC in (4.9) is the fall-out of water substances
written in z* coordinate:

0
PRC = @ (paqur + pavsqs + /’anQg)7 (413)
where p, is the density of moist air and V the
terminal velocity of precipitable water sub-
stances (rain, snow and graupel). The state

equation is given as the diagnostic equation for
density as

C,/Cp
p= PO <£>
Rem Po ’

where 0,, is the mass-virtual potential temper-
ature defined by

(4.14)

0, = 0(1+ 0.608,)

X (1=qe—qr—qi —qs — qg)- (4.15)
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The buoyancy term is defined by

G1/29/
P ; m g

—(1-0)(p— p)gG"?,

where ¢ is a switching parameter, and ¢ = 0 is
used for the direct computation of the buoyancy
from the density perturbation. The pressure
equation is obtained from (4.9) and (4.14) as

BUOY =o¢

(4.16)

% — C2(PFT - DIVT + PRC), (4.17)
where C,, is given by
C » R/C,
2 _Lp £
c2 = c RO,, <p0> , (4.18)

and PFT is the local time tendency of the mass-
virtual potential temperature,

pG1/2 agm

Op 0t

Another important modification of the model
which contributed to improve model’s perfor-
mance was implementation of the modified cen-
tered difference advection scheme (Kato 1998).
This scheme is a flux limiter-type flux correc-
tion scheme, which removes numerical errors
due to the finite difference approximation and
assure the monotonicity (Fig. 9).

In the cloud physics, to assure the computa-
tional stability for sedimentation of rain, the
box Lagrangian scheme (Kato 1995) was imple-
mented. Furthermore atmospheric radiation
schemes were also incorporated into the model.
These modifications extended MRI-NHM to a
full-scale mesoscale model, which was used for
several studies at MRI including international
cooperative programs; e.g., Fujibe et al. (1999)
for the Southern Alps Experiment (SALPEX)
in New Zealand and Saito et al. (2001a) for the
Maritime Continent Thunderstorm Experiment
(MCTEX) in Australia.

PFT =

(4.19)

e. MRI/NPD-NHM

In 1999, a cooperative effort to develop a com-
munity model for NWP and research started
between the Numerical Prediction Division
(NPD) of JMA and MRI. As the first step, the
HE-VI scheme was reimplemented into MRI-
NHM by Muroi et al. (1999), considering the
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a) Upstream
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Fig. 9. Effect of the flux correction scheme
by Kato (1998) employed in MRI-NHM.
Results of 1000 time step integration of
a perturbation with 2-D Gaussian func-
tion. a) First order upstream scheme.
b) Second order centered scheme. c¢)
Second order centered scheme with the
flux correction scheme. After Saito and
Kato (1999).

computational efficiency in the parallel comput-
ing architecture. In collaboration with RIST,
code parallelization of the model to handle the
distributed memory parallel computers was
done. A unified model, “MRI/NPD-NHM,” was
completed and a comprehensive description
was published in the Technical Report of MRI
(Saito et al. 2001b).

4.2 Operational application of JMA-NHM
a. 10 km nonhydrostatic MSM

Since 2001, development of an operational
nonhydrostatic mesoscale model (nonhydro-
static MSM) has been made at NPD collaborat-
ing with MRI. In addition to the three con-
formal projections, the cylindrical equidistant
projection was implemented as the optional
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choice (see Appendix). The total divergence and
U, V,and W* are defined by

ou ov oW
and
U pGl/Zu Ve pG1/2U W= pGl/2w
mo ’ mi ’ ms ’
(4.21)
x 1 mimsz  ~1/2~13 1/2 23
w :W{W—&—m—s(G G*U+G"*G*V),.
(4.22)
The continuity equation is
G1? % + DIVT = PRC + pDIF .q,, (4.23)

where the second term in r.A.s. of (4.23) is the
diffusion of water vapor in unit time, which
includes sub-grid scale turbulent mixing and
computational diffusion. This term was imple-
mented by Saito (2004) to consider the surface
evaporation of water vapor, which offsets the
loss of mass by precipitation in total mass con-
servation.

Several modifications were added to enhance
the computational efficiency, robustness and
accuracy as an operational NWP model. Higher
order (third to fifth) advection schemes which
consider staggered grid configuration were im-
plemented by Fujita (2003). In the operational
forecasting at JMA, the fourth-order scheme
is chosen, considering computational cost and
matching with the advection correction scheme.

A time splitting scheme of gravity waves and
advection terms was implemented by Saito
(2003a). In the new splitting scheme, higher-
order advection terms with the flux correction
scheme are fully evaluated at the center of the
leapfrog time step, and then the lower-order
(second-order) components at each short time
step are adjusted in the latter half of the leap-
frog time integration. This scheme is different
from the Hsu and Sun’s (2001) time splitting
scheme of advection where the time splitting of
advection is discussed in a forward base two
time level model.

In order to attenuate computational instabil-
ity of sound waves in the HE-VI time integra-
tion scheme, an acoustic filter was introduced.
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Although the idea is based on Skamarock
and Klemp (1992), the damping terms act on
the flux form total divergence (DIVT). An op-
tion of 2-dimensional decomposition for parallel
computing was implemented where a special
node can be exclusively spared for the output
process on user’s demand (Aranami and Ishida
2005).

As for physical processes, the Kain-Fritsch
convective parameterization scheme (K-F
scheme; Kain and Fritsch 1993) was imple-
mented with a modification by Yamada (2003).
Several points have been revised by Ohmori
and Yamada (2004) to improve its performance
with a 10 km resolution for prediction of heavy
rainfall events in Japan, where moist and un-
stable maritime air-mass prevails in summer.
In order to control the grid point storms and
the associated intense grid scale precipitation,
the targeted moisture diffusion (TMD) has been
implemented (Saito and Ishida 2005), where an
artificial second order horizontal diffusion is
applied to water vapor when strong upward
motions exist.

In order to ameliorate cold and wet biases
at the surface, the value of scalar roughness
lengths for heat and moisture were reduced to
about 1/7.4 of momentum roughness length
following Garratt and Francey (1978). Further-
more, computation of bulk coefficients for
surface fluxes over land was changed from
Sommeria (1976) to Louis et al. (1982), with
implementation of a stomatal resistance to ex-
press the diurnal and seasonal changes of the
evapotranspiration at surface.

As for boundary layer processes, the vertical
mixing length in the TKE equation was com-
puted by the PBL height following Sun and
Chang (1986) to consider the non-local effect.
Furthermore, a diagnostic TKE scheme was
implemented to prevent computational mode,
where a local equilibrium between the buoy-
ancy, shear production terms and viscosity dis-
sipation term was assumed (Kumagai 2004a,
2004b). Implicit treatment of vertical diffusion
was implemented where surface flux is com-
puted fully implicitly using bulk coefficients.

On 1 September 2004, after five months pre-
operational runs, JMA replaced the former hy-
drostatic mesoscale model (‘hydrostatic MSM’)
with the JMA-NHM (‘nonhydrostatic MSM’).
Eighteen-hour forecasts were run 4 times a
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day to support disaster prevention and the very
short range forecast of precipitation at JMA. A
domain of 3600 km x 2880 km which covers Ja-
pan and its surrounding areas (Fig. 3) was tak-
en. Vertically, 40 levels with variable grid in-
tervals of Az =40 m to 1180 m were employed,
where the model top and the lowest level are lo-
cated at 22060 m and 20 m, respectively.

Initial conditions of horizontal wind, temper-
ature, water vapor, and surface pressure were
given by the JMA Meso 4D-Var (Koizumi et al.
2005) analysis 6 hourly as in the former hydro-
static MSM. Initial conditions of cloud micro-
physical quantities were given by the 6-hour
forecast cycle. Lateral boundary conditions
were supplied from forecasts of the 20 km reso-
lution Regional Spectral Model of JMA (RSM),
while the initial times of RSM were 6 or 12
hours earlier than MSM as in the operational
condition.

Detail of the 10 km nonhydrostatic MSM is
given in Saito et al. (2006).

b. High resolution (5 km) MSM

Since March 2006, horizontal and vertical
resolutions of nonhydrostatic MSM have been
enhanced from 10 km L40 to 5 km L50 (Ishida
et al. 2005). The model operation has also been
increased from 4 times a day (6 hourly) to 8
times (3 hourly), to provide more frequent fore-
casts. Time step for leap-frog integration has
been changed from 40 sec to 24 sec.

Some modifications have been added to phys-
ical processes. In the atmospheric radiation
scheme of the 10 km MSM, cloud was assumed
as a black body and cloud optical properties
were given by empirical constants both in the
hydrostatic and nonhydrostatic models. In the
new radiation scheme (Nagasawa and Kita-
gawa 2005) cloud optical properties are deter-
mined by cloud water/ice contents and their ef-
fective radius. This modification reduces the
negative bias of 200 hPa temperature and im-
proves the prediction of diurnal change of the
surface temperature.

The convective parameterization is still
required at 5 km, because without convective
parameterization the model overestimates in-
tense rain more than 20 mm/hour and under-
estimates weak to moderate rains less than
several mm/hour. In K-F scheme, following
points have been revised (Ohmori and Yamada
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Fig. 10.

a) Infrared image by MTSAT-1
at 00 UTC, 20 January 2006. b) Corre-
sponding forecast by 10 km MSM. Ini-
tial time is 18 UTC, 19 January 2006.
c) Same as in b) but 5 km MSM.

2006); 1) conversion from convective conden-
sate to rain is reduced, 2) time scales of deep
and shallow convection are reduced, and 3)
threshold values for conversion from cloud
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water/ice to precipitation are increased. These
modifications contribute to improve both bias
and threat scores. Threshold value to invoke
the targeted moisture diffusion has been also
changed from 2 m/s to 3 m/s.

In the TKE scheme, the value of coefficient to
compute eddy viscosity has been decreased
above the boundary layer. Same mixing length
is used both in the horizontal and the vertical
directions.

Figures 10b and 10c show virtual infrared
satellite images with the 10 km and 5 km non-
hydrostatic MSMs. Although these two figures
resemble each other, the predicted image with
the 5 kmm MSM (Fig. 10c) is more similar to the
observation (Fig. 10a) by the virtue of the
higher resolution. Characteristics of low level
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clouds over the sea off the east coast of Japan,
upper clouds west of Japan, and convective
clouds over the Pacific Ocean are well simu-
lated in the 5 km MSM.

Figure 11 shows QPF performance of MSM.
In this figure, scores for moderate to intense
rain with a threshold value of 10 mm for 3
hours at FT = 6-9 are indicated. This forecast
time is important for the operational very short
range forecast of precipitation at JMA. Given
the verification grid size of 10 km, this valida-
tion is a very tough condition for a NWP model,
thus values of threat scores are not so high.
After the commencement of operational run of
the hydrostatic MSM in March 2001, several
modifications shown in Table 5 have
implemented in MSM.

been
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False alarm ratio (10mm/3h 10km grid FT=06-09)
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of MSM from March 2001 to January 2007. Verification grid is 10 km.

a) Threat score for 3 hour precipitation at FT =9 with a threshold value of 10 mm/3 hour.
b) Same as in a) but bias score. ¢) Same as in a) but miss rate. d) Same as in a) but false alarm

ratio.
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Table 5. Main operational changes in the
JMA mesoscale model.

Mar. 2001 Start of Mesoscale NWP
Jun. 2001 Wind profiler data

Mar. 2002 4D-Var in MSM

Aug. 2002 Domestic ACARS data

Oct. 2003 SSM/I precipitable amount
Jul. 2004 QuikSCAT Seawinds

Sep. 2004 Nonhydrostatic model
Mar. 2005 Doppler radar radial winds
Mar. 2006 5 km L50, 3 hourly

Figure 11a shows the threat score. The aver-
aged score before implementation of Meso 4D-
Var in March 2002 was 0.11, but after March
2006, enhancement of horizontal and vertical
resolutions, the score has been improved to
0.23. The bias score (Fig. 11b) had shown a ten-
dency of overestimation of precipitation in
winter, but after the implementation of the
nonhydrostatic model in September 2004, this
overestimation has been ameliorated. This is
mainly attained by the inclusion of cloud micro-
physics in the nonhydrostatic MSM, because
the hydrostatic MSM regarded the condensate
as the surface precipitation. The miss rate
(Fig. 11c) was decreased from 0.71 to 0.61 by
implementation of 4D-Var, and decreased to
0.54 in the 5 km MSM. The false alarm ratio
(Fig. 11d) has been decreased from 0.84 before
March 2002 to 0.67 after March 2006. This
means that recent improvement of threat
scores in MSM has been attained by decrease
of both the miss rate and the false alarm ratio.
To decrease both values less than 0.5 may be a
target of the JMA short range QPF in the near
future.

c. Recent developments and plans in near
future

In May 2007, JMA will extend the forecast
time of MSM from 15 hours to 33 hours at the
initial times of 03, 09, 15 and 21 UTC. These
extended forecasts will cover information for di-
saster prevention up to 24 hours (Hara et al.
2007).
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R )

-

-

Fig. 12. Result of the idealized advec-
tion experiment. Contour interval is
5.0 x 1071% Kg/Kg. Fourth order advec-
tion with the flux correction scheme is
used. a) Water vapor at FT = 0,12 and
24 with z* coordinate. b) Same as in a)
but with the hybrid coordinate. After
Ishida (2007).

As the modification of dynamics, a general-
ized hybrid vertical coordinate

(=2 —2f(0), (4.24)
will be introduced, which approaches the z*
coordinate near surface and the z coordinate
near model top (Ishida 2007). Here f(0) =1,
f(H) =0 and f({) is determined so that 0z/d(
is positive and the second derivative of f({) is
differentiable. Figure 12 shows a result of a
comparative experiment of idealized advection
with z* and the generalized hybrid vertical
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Fig. 13. Three hour precipitation at 09 UTC 13 July 2006. a) Observed Radar-AMeDAS rain. b) Pre-
dicted rain with the operational K-F scheme at FT = 12 (Initial time is 21 UTC 12 July 2006).
¢) Same as in b) but with the Modified K-F scheme using the water vapor trigger function.

Tl Ea u

wn:n'_w.ru n.m. E ol A i E—
Ar— !—I—!—! e p—

Fig. 14. Three hour precipitation at 03 UTC 13 July 2004. a) Observed Radar-AMeDAS rain. b) Pre-
dicted rain with the original MSM at FT = 18 (Initial time is 09 UTC 12 July 2004). ¢) Same as in
b) but with the MY3 closure model and the modified radiation scheme using the partial condensa-

tion for cloudiness. After Hara (2007).

coordinates’. In this experiment, a mountain
whose height is 3000 m is located at the model
domain, and water vapor is advected by hori-
zontal wind of u = 2.5 m/s. In the z* coordinate
(Fig. 12a), the shape of water vapor is distorted
when the water vapor mass passes above the
mountain, while in the hybrid coordinates (Fig.
12b), the original shape is well preserved until
FT = 24 hours.

In the cloud microphysics, fall-out of cloud ice
is newly considered in addition to the former
precipitable quantities (rain, snow and graupel)
to prevent an excessive accumulation of cloud

7 Similar idealized experiment for hybrid coordi-
nate is given in Schar et al. (2002).

ice in the upper model atmosphere. In K-F
scheme for convection, perturbation depending
on relative humidity is added in the trigger
function to reduce the overestimation of convec-
tive rain induced by orography. This modifica-
tion also improves the model’s performance to
simulate the diurnal change of convection. Fig-
ure 13 shows an example of the prediction with
the original and modified K-F schemes. Ob-
served diurnal convective rains over the inland
of the western part of Japan are well simulated
by the model with the modified K-F scheme.

As for the turbulent model, a Mellor and Ya-
mada level 3 closure model (MY3; Nakanishi
and Niino 2004, 2006) will be first implemented
as the operational NWP model to reduce model
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Table 6. Specifications of JMA mesoscale model (nonhydrostatic MSM).

As of September 2004

(Saito et al. 2006) As of March 2006 End of 2007

Horizontal mesh | 361 x 289 (10 km) 721 x 577 (5 km) No change
(resolution)
Mapping Lambert conformal No change
Levels 40 terrain-following 50 terrain-following 50 generalized hybrid
Model top 22060 m 21800 m No change
Horizontal Arakawa C No change
discretization
Horizontal Flux form 4th order with
advection advection correction and

time splitting
Gravity waves Time splitting
Sound waves HE-VI
Forecast period 18 hours 15 hours 33 hours (03, 09, 15, 21 UTC)

Initial time

00, 06, 12, 18 UTC

00, 03, 06, 09, 12, 15, 18,
21 UTC

15 hours (00, 06, 12, 18 UTC)

Initial conditions

Meso 4D-Var
(hydrostatic)

No change

Lateral boundary

RSM (20 km L40) 12
hourly

Prognostic
variables

U} V7 W7 P; 0; qu q07 Qi,
(Iﬁ qs’ (Ig

JNoVA 4D-Var (nonhydrostatic)

GSM (TL959 L60) 6 hourly

U7 V, W; P7 0> QU, Qa qi} Qra qS9
Qg, TKE’ 01,2’ (IL/,,Z, Hl/q/

w

Moist physics

3 ice bulk microphysics

3 ice bulk microphysics
(parameters revised)

3 ice bulk microphysics with
fall-out of cloud ice

with empirical constants

Convection Kain-Fritsch scheme Kain-Fritsch scheme Kain-Fritsch scheme with
(parameters revised) water vapor trigger function

Turbulence diagnostic TKE scheme | No change Mellor Yamada Level 3

Radiation cloud optical properties | cloud optical properties detailed long wave radiation

with diagnosed cloud
water/ice contents and
effective radius

scheme for clear sky partial
condensation by PDF in the
MY3 closure model for
cloudiness

errors in boundary layer. In addition to the
prognostic turbulent kinetic energy (TKE), fluc-
tuations of liquid water potential temperature
(0/%) and total water content (g/2) and their cor-
relation (0,q.) are treated as the prognostic
variables. The effect of counter-gradient diffu-
sion is naturally considered in the computation
of the diffusion coefficients without a non-local
parameterization. In the radiation scheme, the

long wave radiation scheme for clear sky em-
ployed in the operational JMA global model
will be implemented to reduce the negative
temperature bias in the lower atmosphere. To
evaluate the degree of cloudiness, the partial
condensation computed by the probability den-
sity function in the MY3 closure model is con-
sidered. Figure 14 shows an example of the pre-
diction with the original and modified models.
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Observed line-shaped precipitation over the
northern part of central Japan is well simu-
lated by the modified MSM with the MY3 clo-
sure model and the new radiation scheme.

JMA is planning to introduce a very high res-
olution (20 km) semi-Lagrangian global spec-
tral model (GSM) in late 2007. Since the high
resolution global model will be run 6 hourly, it
will supply the boundary conditions to MSM
more frequently. A nonhydrostatic 4D-Var data
assimilation system (JNoVA; JMA Nonhydro-
static model based Variational data assimila-
tion system; Honda et al. 2005) is planned to
be operational in late 2007 to supply the 5 km
MSM more accurate initial conditions. Horizon-
tal resolution of the 4D-Var inner loop will
be enhanced from 20 km of Meso 4D-Var to
10 km in JNoVA, while a cloud resolving
4D-var system is under development at MRI
(Kawabata et al. 2006). Expected specifications
of MSM up to the end of 2007 is listed in Table
6. Assimilation of GPS data will start within
a few years to improve the analysis of water
vapor.

JMA is planning to implement a mesoscale
ensemble prediction system (MEPS) in the
next NWP system. Developments of MEPS
have been underway with various approaches
including downscaling of global EPS, BGM and
SV methods. A preliminary trial of MEPS for
Japan area is seen in Seko et al. (2007). A local
ensemble Kalman filter technique using JMA-
NHM has also been developed (Miyoshi and
Aranami 2006).

Development of a high resolution JMA-NHM
has been underway at MRI and NPD for next
generation cloud resolving NWP. Test of a
2 km resolution local NWP model for the very
short range forecast of precipitation will be
started at NPD in May 2007.
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Appendix

Basic equations on orthogonal coordinate
on the sphere

Basic equations on the Cartesian coordinate
can be expanded to the equations in the orthog-
onal coordinate on the sphere. Consider an or-
thogonal coordinate on the sphere (Fig. Al).
Let tangential unit vectors in ¢-axis and #-
axis i and j, respectively, and take a unit vec-
tor & in the vertical direction, where z-axis is
linear coordinate. In the orthogonal coordinate,
inner products of each vectors are zero.

The distance on the projection axis
(ds1,dsg,ds3) between two points P(£,7,z) and
Q(E+dE n+dy,z +dz) can be given by

dé dn

dsi1=—, dss=—, dsz=dz, (A1)
m n
where m and n is the map factor.
Component of velocity vector in each axis

(u,v,w) is given by

V =iu+jv + kuw, (A.2)
_dsn_lde o dsy ldy
“Tdt Tmad T dt nadt
dss dz
Momentum equation with rotation of Earth is
dv 1
where
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A\ 2)

Fig. Al.
Reproduced from Kikuchi (1975).

7 6 0
d 0 0 0 o
p7 a+mua—é+nv—+w5 (A.6)

and Q is angular velocity vector of earth’s rota-
tion. From above equations, we obtain

ﬂ—id—u+‘d—v+kd—w+uﬂ+vﬂ+w%
dat  ‘ar Y dt dt  dt dt

_id_u+'d_v+kd_w+ a_i+ ﬂ
it ar dt muaf "Y'
dj j
+v<mua—f—&-nva—)
ok ok
+w<mua—é+nva—> (A7)

Local derivative of each unit vector along the
each axis is

a_ o1y 1 ad_. 0/1
- Va\m) Cam’ o Ya\n)

G . 0 (1\ & . o1 1
D_in— (=), Zeim_(Z)-k—
e~ oy (m) Coay . G (n) an’

k1 k1
& Tam’ oy Yan’

(A.8)

where a is the radius of the Earth. Using above,
the curvilinear term, the last three terms in
r.h.s. of (A.7) becomes
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z-axis

b)

a) Orthogonal curvilinear coordinate at a plain of z = constant. b) Cross-section of ¢-z plain.

Continuity equation is
dp

2 TPV-V) =

o¢

_u g, 0%
m%—klm( 65 6_é>

ov . 0i ok\ ow
+na—’7+3n U—+w——|+—

V.-V= <1m ¢ +Jn—+k 2)(iu+jv+kw)

B ﬂ{oaé (u) i aaa(:l) }

_—. Al
0z + a (A.10)
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If we rewrite (£,77) to (x,y) as in the conven-
tional form, (A.4) can be written as

du 1 op
E—Corl—FcrUl—/—)ma, (All)
dv 1 op
a—CO"Z“FCrUZ—;n@, (A12)
dw 1dp
E—CO’%‘FCT’U:{—;g—g, (A13)

where Cor and Crv are Coriolis and curvature

terms and expressed as follows
Cory = 2Q sin gv — 2Q cos ¢ cos Adw, (A.14)

Corg = —2Q cos ¢ sin Adw — 2Q sin gu,

(A.15)
Corsg = 2Q cos ¢ cos Adu + 2Q cos ¢ sin Alv,
(A.16)
0 (1 0 (1 uw
Crvy=mnviv— (= |—-u——) p——,
ox \n oy \m a
(A.17)
0 (1 0 (1 vw
Crug =—mnuqv—|—-|—-u—|—)——,
ox \n oy \m a
(A.18)
2, .2
Crog =4V (A.19)

Note that in the longitude latitudinal grid, if
we take (x, y) to (4,¢), and let

m = 1 , nzl, (A.20)
a cos ¢ a
di do
u-aCOS(pE, v—aa, (A.21)

then (A.11)—(A.13) with (A.17)—-(A.19) are re-
duced to the well-known conventional equa-
tions in the spherical coordinate

du wuvtang ww 1 op

dt a a /_) a cos pii

= 2Qu sin ¢ — 2Qw cos @, (A.22)

2
1

d_v utang vw 1 0_{9 = —2Qu sin ¢,
dt a a padp (A.23)
dw u?+v%2 10p
—_—— - = =2Q . (A24
a " + » 0z +g ucos p. ( )

In JMA-NHM, in addition to the conformal pro-
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jection where m is set to equal to n, the cylin-
drical equidistant projection is available by set-
ting two map factors as

cos
m— %o

L on=1, (A.25)
cos ¢

where ¢ is the standard latitude.
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