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ABSTRACT

An operational nonhydrostatic mesoscale model has been developed by the Numerical Prediction Divi-
sion (NPD) of the Japan Meteorological Agency (JMA) in partnership with the Meteorological Research
Institute (MRI). The model is based on the MRI/NPD unified nonhydrostatic model (MRI/NPD-NHM),
while several modifications have been made for operational numerical weather prediction with a horizontal
resolution of 10 km. A fourth-order advection scheme considering staggered grid configuration is imple-
mented. The buoyancy term is directly evaluated from density perturbation. A time-splitting scheme for
advection has been developed, where the low-order (second order) part of advection is modified in the
latter half of the leapfrog time integration. Physical processes have also been revised, especially in the
convective parameterization and PBL schemes. A turbulent kinetic energy (TKE) diagnostic scheme has
been developed to overcome problems that arise to predict TKE. The model performance for mesoscale
NWP has been verified by comparison with a former operational hydrostatic mesoscale model of JMA. It
is found that the new nonhydrostatic mesoscale model outperforms the hydrostatic model in the prediction
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of synoptic fields and quantitative precipitation forecasts.

1. Introduction

Rapid progress of the computer facilities in recent
years enables us to use higher-resolution models in nu-
merical weather prediction (NWP). The horizontal
resolution of operational regional/mesoscale models in
world main forecast centers is becoming higher and
higher and is about 10 km, the limit of validity of the
hydrostatic approximation. The Deutscher Wetter-
dienst (DWD) developed a regional nonhydrostatic
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model (the Lokall-Model; Doms and Schaettler 1997)
and started its operational run with a horizontal reso-
lution of 7 km in 1999. The Met Office introduced non-
hydrostatic new dynamics (Davies et al. 2005) in the
Unified Model in 2002. The Meteorological Service of
Canada, the National Centers for Environmental Pre-
diction of the United States, and other national forecast
centers have also been developing or testing their non-
hydrostatic NWP models for operation.

In Japan, the Japan Meteorological Agency (JMA)
started operational run of a 10-km-resolution meso-
scale model in March 2001, and 18-h time integration
has been carried out 4 times a day. This model, MSM,
was introduced to support information for disaster pre-
vention and is also used for the very short range fore-
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cast of precipitation and for short-term aviation fore-
casts. For its initial condition, a four-dimensional varia-
tional data assimilation analysis (Meso 4DVAR;
Ishikawa and Koizumi 2002) was implemented in
March 2002. Implementation of the Meso 4DVAR sig-
nificantly improved performance of MSM in precipita-
tion forecasts; however, to respond the request of the
dynamical prediction of heavy rainfall, we need further
improvement of model performance. Since MSM is a
hydrostatic model, there is a limit in horizontal resolu-
tion, which is essentially important to simulate the dy-
namical field of heavy rainfall relating to deep convec-
tion. It is evident that a high-resolution nonhydrostatic
model with cloud microphysics must be employed to
achieve the dynamical prediction of heavy rainfall.

This paper describes a new nonhydrostatic mesoscale
NWP model at JMA. The model, the JMA nonhydro-
static model, has been in operation since 1 September
2004. Although the horizontal resolution is 10 km as in
MSM at first, the resolution is scheduled to be en-
hanced to 5 km in March 2006, and the model is run on
a 3-hourly time scale (8 times a day). The forecast time
is scheduled to be extended to 33 h in March 2007 to
cover a part of short-range forecast at JMA. Dynamical
prediction of precipitation with a cloud-resolving reso-
lution (2 km) that aims at local aviation forecast is also
planned.

In section 2, a brief history of the JMA nonhydro-
static model is introduced. In section 3, the dynamical
framework is presented. Revisions of physical pro-
cesses for a 10-km operational NWP model are de-
scribed in section 4. Verification of the model is pre-
sented in section 5. Summary and concluding remarks
are given in section 6.

2. Overview of the JMA nonhydrostatic model

The JMA nonhydrostatic model (NHM) is a commu-
nity model for operation and research. The original
root is the nonhydrostatic model developed at the Fore-
cast Research Department of the Meteorological Re-
search Institute (MRI; Ikawa and Saito 1991). Ikawa
and Saito’s model was initially developed as a research
tool while it was modified to a nesting model (Saito
1994) to realistically simulate mesoscale phenomena.
The basic equations were rewritten from the original
anelastic equations to fully compressible equations in-
cluding a map factor (Saito 1997) where the lineariza-
tion using the reference atmosphere was removed. The
semi-implicit time-integration scheme [horizontally im-
plicit-vertically implicit (HI-VI) scheme] was em-
ployed. Furthermore, the modified centered difference
advection scheme (Kato 1998), and atmospheric radia-
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tion schemes (Kato 1999; Eito et al. 1999), etc., were
also incorporated into the model. These modifications
extended the model to a full-scale mesoscale model
called MRI-NHM (Saito and Kato 1999), which was
used for several studies at MRI (e.g., Fujibe et al. 1999;
Seko et al. 1999; Saito et al. 2001b).

In 1999, a cooperative effort to develop a community
model for NWP and research started between the Nu-
merical Prediction Division (NPD) and MRI. As the
first step, the split explicit scheme [horizontally explic-
it-vertically implicit (HE-VI) scheme] was reincorpo-
rated into MRI-NHM by Muroi et al. (1999), consider-
ing the computational efficiency in the parallel comput-
ing architecture. A unified model, MRI/NPD-NHM,
was completed in 2000, and a comprehensive descrip-
tion was published as a technical report from MRI
(Saito et al. 2001a). Since 2001, development of an op-
erational nonhydrostatic mesoscale model has been
made by NPD and MRI. Several modifications de-
scribed in sections 3 and 4 were added to enhance com-
putational efficiency, robustness, and accuracy as an
operational NWP model with a horizontal resolution of
10 km.

On 1 September 2004, after 5 months of preopera-
tional daily trial runs, JMA replaced MSM with a new
nonhydrostatic model (JMA-NHM, hereafter referred
to simply as NHM). Eighteen-hour forecasts have been
run 4 times a day to support disaster prevention and the
very short range forecast of precipitation at JMA.
Table 1 summarizes the specifications of MSM and the
operational version of NHM. A domain of 3600 km X
2880 km, which covers Japan and its surrounding area
(Fig. 1), is taken. Vertically, 40 levels with variable grid
intervals from Az = 40 to Az = 1180 m are employed,
where the model top and the lowest level are located at
22 060 and 20 m, respectively.

Initial conditions for horizontal wind, temperature,
water vapor, and surface pressure are given by the JIMA
Meso 4DVAR (Ishikawa and Koizumi 2002) analysis
every 6 h as in MSM. To prepare initial conditions of
cloud microphysical quantities, a 6-hourly forecast—
forecast cycle system is employed, where cloud micro-
physical quantities are given by the 6-h forecast of
NHM (see section 4a). Lateral boundary conditions are
supplied from forecasts of the 20-km resolution Re-
gional Spectral Model (RSM) of JMA, while the initial
time of RSM is 6 or 12 h earlier than NHM as in the
operational condition of MSM. After the data cutoff
time of 50 min and the 4DV AR analysis of 30 min, the
18-h model integration is performed within 25 min and
the forecast results are disseminated to users within 2 h
from its initial time.
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TABLE 1. Specifications of MSM and operational version of NHM.

MSM

NHM

Horizontal mesh (resolution)
Mapping

361 x 289 (10 km)
Lambert conformal

Forecast period 18 h

Initial time 0000, 0600, 1200, 1800 UTC
Data cutoff 50 min

Initial conditions Meso 4DVAR

Lateral boundary RSM

Dynamics Hydrostatic

Prognostic variables u,v,logp, T,,q,

Levels 40 p-o hybrid

Model top 10 hPa

Horizontal discretization
Horizontal advection Spectral method
Gravity waves Semi-implicit
Sound waves —

Moist physics

Convection Arakawa-Schubert with moist convective
adjustment
Turbulence Level 2 closure

Nonlocal scheme
Every 60 min in time

Boundary layer
Radiation thinning

Double Fourier spectral (Arakawa A)

Large-scale condensation with evaporation

Same as in MSM

Nonhydrostatic

U’ V, W1 Pv 07 4dvs 4o dis 4> 95> qg

40 terrain following

22 060 m

Arakawa C

Flux form fourth-order with advection correction and
time splitting

Time splitting

Vertically implicit, horizontally split and explicit

Three-ice bulk microphysics

Modified Kain-Fritsch scheme

Diagnostic TKE scheme
Sun and Chang (1986)
Every 15 min in time, 20 km in space

3. Dynamics and numerical techniques

a. Basic equations

The governing basic equations of NHM consist of the
following flux form equations on the spherical curvilin-
ear orthogonal coordinate:

i(ﬂ)+ﬂ2”:
ot

p —Adv, + R, 1)

F1G6. 1. Domain and orography of the operational version of
NHM. Domain size is 3600 km X 2880 km. Contour interval is 500
m. Areas higher than 1000 m above sea level are shaded.

O() L gy s R d 2
ot m, m, ay_ \p) 25 an ()
ooy Lo Adv+R. G
at\my) "m0z myt 8 Vit R )

Here, u, v, and w represent velocity components; and p,
p, and g represent the pressure, density, and gravity
constants, respectively. Subscripts 1, 2, and 3 corre-
spond to components x, y, and z, respectively; and vari-
ables with a prime express perturbation from the hy-
drostatic reference state (in NHM, horizontal average
of the initial virtual potential temperature field [see
(E1-2-1) in Saito et al. (2001a)]. The map factors are
denoted as m; and m, for the x and y directions, re-
spectively; while m5 is not a map factor in the z direc-
tion but a variable introduced for definition of momen-
tums. MRI-NPD/NHM assumed the conformal projec-
tion; my; = m, = my = m, while m, and m; were
introduced recently by Yamazaki and Saito (2004) to
cope with the cylindrical equidistant projection."

In the operational version for mesoscale NWP at
JMA, the Lambert conformal projection is employed,
and the map factors are given by

L If we take the map factors m, = (1/a cose), m, = (1/a), m; =
1, and define horizontal wind components as u = a cose(d\Ndr),

= a(de/dt), Eqgs. (1)—(3) are reduced to the conventional mo-
mentum equations in the spherical coordinates (Saito 2001).
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cose \¢71/1 + sing, \°¢ 4
= =M = Cose, 1+ sing /° “

where ¢ is the latitude of the concerned point and ¢, =

/6, and c is given by
tan Tn
COSP; 4 2
c=In|l —— Iny ——
cosp, T @
tan( 4 ) )

When ¢, = 7/3, c is about 0.72. Terms with Adv denote
the advection terms and R the residual terms including
curvature, Coriolis, and diffusion terms.

In NHM, density is defined by the sum of the masses
of moist air and the water substances per unit volume as

®)

p=patp,tp.tp T ptptp,
=pat Pt Pttty (6)

where subscripts ¢, 7, i, s, and g represent the cloud
water, rain, cloud ice, snow, and graupel, respectively;
pg 1s the density of dry air; and p,, is the density of water
vapor. The continuity equation is as follows:

ap Jd [ pu Jd [ pv JIpw
—+ —( =) +=(=)|+—
at ”“””[ax<na) 6y<nh>] 0z
= prc + pDIF.q,,. (7)

Here, we neglected the divergence term due to curva-
ture of the earth (=2pw/a, where a is radius of the
earth), following the shallow assumption. In the right-
hand side, prc is the fallout of the precipitable water
substances defined by

9
pre = o~ PV, + PViqs + PV, )

where V is the terminal velocity and ¢ is the mixing
ratio of the precipitable water substances. Wacker and
Herbert (2003) pointed out that unless the fully bary-
centric velocity is utilized, diffusion flux appears in the
continuity equation. The last (underlined) term in the
rhs of Eq. (7) is the diffusion of water vapor in unit
time, which includes subgrid-scale turbulent mixing and
computational diffusion. This term has been newly
implemented by Saito (2004) to consider surface evapo-
ration of water vapor for total mass conservation as
mentioned in section 3i.
The thermodynamic equation is given by

d0_66

dr ot 0=

C + Dif.6, 9)

P
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where 6 is the potential temperature, C, is the specific
heat of dry air at constant pressure, and 1 is the Exner
function.

The state equation is given as the diagnostic equation

for density as
Do (p )WCP
P R6,, \po ’

where 0,, is the mass-virtual potential temperature
(Saito 1997) defined by

Om = 6(1 + 0608qv)(1 ~ 4.~ 4, —4; — 45 — (’Ig)

(10)

(11)

b. Basic equations in the terrain-following
coordinate

The basic equations mentioned in the preceding sec-
tion are transformed to the terrain-following coordi-
nate (Gal-Chen and Somerville 1975)

_ H(z — z,)

TE (12)

Z*
where z, is the surface height, and H is the model-top
height. Applying the chain rules of the coordinate
transformation from (x, y, z) to (x, y, z*¥), Egs. (1)—(3)
are transformed to

oU m, (0P 0G>G"P
—+—(—+——)=-ADVU + RU,
at  m, \ ox GYoz*
(13)
E1% LM oP . IG'?G¥ P\ ADVY
o my\ay  GYVaz+ )
+ RV, and (14)
ow 1 9P N ogP 1 BUOY
o myGY? ozt ms 2 Comy
— ADVW + RW,
(15)

where G2, G'2G"3, and G"?G? are metric tensors

G1/2 =1- %’ G1/2G13 — <§ _ 1) GZS

H ax’
G1/2G23 — (i _ 1) %

1) 5 (16)

and U, V, and W are momentum as the prognostic vari-
ables:

Gl/2u G1/2v G1/2W
T A VI B G
my my ms

17
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In the source code of NHM, wind components u, v, and
w are treated as the diagnostic variables; P is the per-
turbation pressure defined by

P=p'G", (18)
and C,, is the sound wave speed [see Eq. (33)].
The buoyancy term is defined by
BUOY = —(p — p)gG"?,
ADVY = 2 V) W e 9
M Tox ay aizx  m > (19

where o is a switching parameter, which takes zero in
direct computation of the buoyancy from the density
perturbation and unity in conventional computation by
the temperature perturbation. In the HE-VI version of
MRI/NPD-NHM o = 1 was presumed, while in the
latest version of NHM o = 0 is available for both the
HE-VI and HI-VI schemes. As mentioned later in sec-
tion 3f, the choice of the value of o is related to con-
servation of domain-averaged mean surface pressure.
The advection terms are as follows:

ADVU — aUu N aVu my IW*u
— M\ Tox ay m, 9z*
U
— pGﬁ PRC, (20)
ADVY = aUv N Vv ms dW+*v
2\ Tox ay my 0z*
|4
G2 PRC, and (21)
p
JR— mym, (dUw  dVw N IW*w
Comy dx ay az*
- W PRC. (22)

Here W*is the vertical momentum in the z* coordinate
defined by

pGl/Z dZ
m  dt

%

W+ m(GG U + G?G™V)],  (23)

= Gl/2
and PRC corresponds to the rhs of Eq. (7):
d
PRC =27 0V, + puVids + paVely)- (24)

Here RU, RV, and RW represent the residual terms
including the curvature, Coriolis, and diffusion terms:
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RU = V W ] e ( )6m2
f3 fz + u ay Um2 ox

w
— U; + DIF.U, (25)
m, 2 omy om,
RV = f1 W f3—U Ulu m, W—UE
w
- V; + DIF.V, and (26)

1 (mU)Y + (mV)?
RW=f,— U —Ly+
f2 fl ms m3pG1/2 a

+ DIF.W, 27)

where a is the radius of the earth, and the Coriolis
coefficients are given by

fi = —2Q cosesincAr, f, =
fz = 2Q sing,

20) cosg coscAA,
(28)

respectively. Here, AX (=X — Ap) is the difference be-
tween local longitude and standard longitude, the de-
flection of the y direction from the north direction.”
The continuity Eq. (7) is rewritten as follows:
172 ap
G ) + DIVT(U, V, W) = PRC, (29)
where DIVT is the total divergence in the z* coordinate
defined by

au v IW*
) (30)

-
DIVT(U,V,W) =m <ax Ty ) M
The thermodynamic equation is identical to Eq. (9),
while the advection term is given by

) 0 a 0 a 0
ox \ m dy \ m 0z \ m
0 a
(PRC - —p>} =z
m ot p

The advection terms for cloud microphysical quantities
are also given by this formula.

The state equation is the same as in Eq. (10), and the
pressure equation is obtained from Egs. (10) and (29) as

(3D

2 Inclusion of the full Coriolis and curvature terms with the
shallow assumption does not possess the conservation of the an-
gular momentum (Phillips 1966; White and Bromley 1995). In the
operational version, terms relating to f;, f>, and 1/a in (25)—(27)
are omitted as is the common manner in hydrostatic NWP models.
This approximation does not change the forecast of mesoscale
phenomena.
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do_ 9 + DIF.0 32
dt  Cpm o (32)
where C,, is given by
C p \RCo
;== Rem(—) , 33
C‘U Po ( )

and PFT is the local time tendency of the mass-virtual
potential temperature,
pG'? 99,

PFT = ———.

0, ot 34

In case of no water substances, C,, corresponds to
sound wave speed. In the sponge layer near lateral and
upper boundaries, a term of Rayleigh damping for pres-
sure is added to the rhs of Eq. (32).

c. Finite discretization

The model grid structure is the Arakawa C type in
the horizontal direction and the Lorenz type in the ver-
tical direction, which is the same as in MRI/NPD-
NHM. The detailed structures of the staggered grid are
described in section D-1 of Saito et al. (2001a). In
NHM, to avoid interpolation and save the computation
time, map factors are computed not only at scalar
points but also at vector (u and v) points in advance.

A higher-order (from third to fifth) advection
scheme that considers staggered grid configuration has
been implemented 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 mentioned later. The
fourth-order finite difference for gradient is expressed
by

a_d) ) B 2 biv1p = biip _ 1 bivzn — Pizp
Ix ; - 8 Ax 8 3Ax
3
s 44(5) 6
+ 235 (A0 + O[(Ax)] (35)

Comparing with the conventional fourth-order finite
difference for unstaggered system (e.g., Xue et al. 1995)

Ap|@ B 41— iy 1 —din 1 41(5)
v, “3 2 3 4ax 3080
+ O[(Ax)°], (36)

the cutoff error in Eq. (35) is about 1/7.

3 In a similar manner, the third-order and fifth-order schemes
are defined by (9¢/ox)|® = (1/12)(9; 1» + 8¢b; — 18, 1 +
bi_3p/Ax), and (a¢/ox)|P = (1/960)(=25;.3 + 9001, +
384¢, — 1350¢;_1,, + 100, 5, — 9;_s5,,/Ax), respectively.
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For advection of scalar prognostic variables, the
fourth-order finite difference for a flux form gradient
term that appeared in Eq. (31) is given by*

ouo|@ _ 9 (Uéx)nl/z - (Uéx)ifla
x|, 8 Ax

1

. l(ng)i+3/2 - (Uax)i—yz
8 3Ax ’

(37

where

—X

9 1
0110 = E (041 +0,) — E (042 + 6;_1). (38)

The above-mentioned higher-order schemes are em-
ployed jointly with the modified centered difference
advection scheme (Kato 1998). This scheme is a kind of
flux limiter and acts as the flux correction scheme. It
modifies the advection terms to remove numerical er-
rors due to the finite-difference approximation and to
assure the monotonicity.

d. Basic formulation of HE-VI scheme

The time-splitting, horizontally explicit, and verti-
cally implicit (HE-VT) scheme is used in the operational
version of NHM. The basic formulation of the HE-VI
scheme of MRI/NPD-NHM was reimplemented by
Muroi et al. (1999) with reference to the HE-VI version
of Tkawa and Saito (1991), where only sound waves
were treated implicitly as the high-frequency mode
based on Klemp and Wilhelmson (1978).

For horizontal momentum Egs. (13) and (14), the
forward time integrations

U1-+A-r - U . m, (aP‘r 8G1/2G13P7->

AT my \ 0x - GY29z%
= —(ADVU + RU), (39)
VT+AT -y m, oPT 8G1/2G23PT
& oy T o
1\ 9y Gz
= —(ADVV + RV) (40)

*The Weather Research and Forecasting model developed at
the National Center for Atmospheric Research (NCAR-WRF)
uses a cell-interface-based difference scheme. For a fourth-order
scheme, the gradient term is written by (0U6/0x) = {U,,1,,[7(6;5
+6;) — (0i+2 + 6:‘—1)] - Ui—1/2[7(0i +0;1) — (9i+1 + Bi—z)]/lex}A
This formulation guarantees high-order accuracy when U is con-
stant and is easier for parallelization and boundary treatment.
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are used, and the backward time integration is em-
ployed for vertical momentum Eq. (15):

WTHAT — W 1 oPP g
+ — PP
At myGY? 02*  m,yC2,
1
= m—BUOY — (ADVW — RW) + (1 — o) 5 P,
3 3%m
(41)
where
1+ 1-
PP = TB PTAT 4 TB P (42)

In the HE-VI scheme of MRI/NPD-NHM o = 1 was
assumed, while o = 0 can be used in the latest version
of NHM (Saito 2004) to improve the mass conservation
as mentioned in section 3f. Note that the last term in lhs
of Eq. (41) appears independent of the value of o, and
the last term in rhs is introduced for stability to treat the
sound waves mode in the buoyancy term implicitly
when o = 0 (see footnote 5).

e. Divergence damping

To attenuate computational instability of sound
waves in the HE-VI time integration scheme, an acous-
tic filter has been introduced to NHM. Although the

P’T+A’T _

— Cf,,( —PFT + m1m2<

aur v
A +

0x Jdy

- PRC> = DIF.P,

where DIF.P is a term of Rayleigh damping for pres-
sure, and the definition of U” and V" is the same as in
Eq. (42).

Eliminating U”, V¥, and W® by Egs. (39)-(42) with
the same manner as described in (C-3-2) of Saito et
al. (2001a), we obtain the following one-dimensional
Helmholtz-type pressure equation:

I [ 8
12 _~ |2 pB
L (c; p

= FP.HE.INV + FP.HE.VAR,

o° PP
az%2

) _ (G1/2)2|: 2 ]ZPB
C,Ar(1 + B)

(49)

where FP.HE.INV is the invariant term during short
time step integration in the forcing terms,
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idea is based on Skamarock and Klemp (1992), the
damping terms act on the flux form total divergence
(DIVT); thus, the formulation is slightly different from
Skamarock and Klemp’s (1992) acoustic filter em-
ployed in advective form basic equations. The following
underlined terms are added to the residual terms of Egs.
(13)—(15) only for the HE-VI scheme:

my (9 GGV
RU — RU + ay o0 + W DIVT, (43)
7%
m, [ 9 GG
RV >RV + ay- = P Frv=rr DIVT, (44
z

J
RW — RW + GTaz* o, DIVT, (45)

where coefficients «; and «, are set to about one-
fourth of the maximum values that allow the linear
stable condition for diffusion,

—0061 ) Ax\2 [Ay\2
ay; =0. Atmm m, )\ |

=0.05 (G”Az)

(46)

(47)

f- Pressure equation

Pressure Eq. (32) is integrated backward as

(G1/2G13U7 + G1/2G2'§Vy):|}

(48)

2( Gl/Z)Z

FP.HE.INV = — m

DIF.P
PFT + PRC + ——

G
Gm [BUOY my(ADVW — RW)

8

+ C_2 P :|
and FP.HE.VAR is the variable term during short time
step integration in the forcing terms

(50)

FP.HE.VAR = 2(G1/2)2 DIVH(U”, VY
. . - A’T(l + B) nmyni, ( 5 )
my W w62
t—— | - | m———=| P~
G2 az* C,Ar(1 + B)

(51)
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Here, DIVH stands for horizontal divergence

1%

DIVH(U, V) = ij +—+ 2 (GBU + G®V). (52
T ax dy  azE ’

The upper boundary condition is obtained from W =
0 as

1 9
( 2w T £ 2 )PB
m;G'?0z*  myC,

1
= —(ADVW — RW) + — [BUOY + (1 - o-)%P}.
ms C

m

(53)

The lower boundary condition is the same as in Eq.
(53), while in free-slip case, we should add the following
extra term to the rhs:

1

R |:W"' + w (G1/2G13U'T+A7 + G1/2G23v'r+AT)j|‘
AT ms

(54)

The upper (and lower) boundary condition [Eq. (53)]
needs values of pressure at upper and lower boundaries
because it includes a pressure perturbation term (gP?/
m;C2) in the lhs. To determine this term, we need pres-
sure values at kz = 1 and nz, since upper and lower
boundaries are defined at kz = 1 + 1/2 and nz — 1/2 as
in the level of W. The one-dimensional elliptic pressure
Eq. (49) gives solutions of pressure only for the levels
from kz = 2 to nz — 1; thus, determination of pressure
values at upper and lower boundaries is influential to
the inside solution, and a simple extrapolation some-
times deteriorates the mass conservation. To prevent
this problem, we compute the buoyancy by density per-
turbation choosing o = 0 in Eq. (19), so that the pres-
sure perturbation term (gP%m;C2%) in the lhs of Eq.
(53) almost offsets’ the last term of the rhs (gP/m;C2)
and determination of this term becomes less crucial.
Figure 2 shows the time sequences of domain-
averaged mean sea level (MSL) pressure from by NHM
with 0 = 1 and o = 0. In this experiment, the initial
condition is the Meso 4DV AR analysis at 0600 UTC 1
March 2003, and the boundary condition is supplied by
RSM. In this case, the MSL pressure of RSM decreases
with time and becomes 1009.6 hPa at forecast time (FT)
= 18. However, when o = 1, MSL pressure of NHM
increases about 0.5 hPa at startup, and becomes 1010.8
hPa at FT = 18, which is 1.2 hPa higher than that of

5 Needless to say, a simple implicit treatment of the vertical
momentum equation (W™ 2™ — W7/AT) + (1/myGY?)(0PPlaz*) =
(1/m3)BUOY — ADVW + RW causes computational instability
of sound waves because the buoyancy term includes pressure per-
turbation if we take o = 0.
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Fi1G. 2. Time sequences of the mean sea level pressure by NHM

and RSM. Domain-averaged values for area of MSM are shown.
Initial time is 0600 UTC 1 Mar 2003.

RSM. This discrepancy results in a high MSL pressure
bias. By choosing o = 0 (operational choice), the initial
rise of MSL pressure of NHM is removed and averaged
pressure follows well that of the parent model (RSM).

g. Time splitting of gravity waves

In the HE-VI scheme shown in section 3d, only
sound waves are treated implicitly as the high-
frequency mode. However, in operational NWP, grav-
ity waves often affect computational efficiency and ro-
bustness. A time-splitting scheme of gravity waves has
been implemented by Saito (2002). To split gravity
waves, thermodynamic Eq. (9) may be written as fol-
lows, evaluating the vertical advection of the potential
temperature in the reference state in short time step:

07T — 07 N6 . a0’ . 960 a6
Aar .\ Wz T %ax T Vay
+ g + DIF.0. (55)
Cp

However, the advection term of NHM is written in flux
form Eq. (31), and advection correction is implemented
as mentioned in section 3c. To use the finite-difference
form of advection of potential temperature in NHM as
it is, we modify Eq. (55) as

07— 07 Td§+ a(e—@)Jr ae+ a0
Aar [Mar T e “ox T Vay
+ — + DIF.0,
CP

do 0
| =W —w)+ Adv.f | + —

dz c,m
+ DIF.0,

do a0
= _d_z(w —w)+ <—> (56)
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Here, the last term in the rhs of Eq. (56) is given by a
tentative integration in cloud microphysics, and the first
term is evaluated by first-order upstream difference.
Since the tentative integration is done with high-order
flux form, the conservative property of flux form is kept
in the limit, where w™ in the short time step agrees with
w at the long time step.

h. Time split of advection

The above-mentioned time splitting of gravity waves
works in most cases; however, we faced computational
instability in some cases where environmental wind is
strong and a strong inversion layer exists. To overcome
this problem a new time-splitting scheme of advection
(Saito 2003) has been developed.

Hsu and Sun (2001) proposed a time-splitting scheme
of advection in their forward scheme model. It is ex-
pected that computing advection terms in short time
step At contribute to improve the computational sta-
bility. However, this choice is not acceptable because
the higher-order advection scheme with the modified
advection scheme is computationally expensive and
spoils the computational efficiency of the HE-VI
scheme. In fact, a simple application of computation of
advection to each short time step is not so effective in
the leapfrog scheme, because such application changes
the leapfrog scheme from centered base to forward
base in time.

In the new splitting scheme, we fully evaluate higher-
order advection terms with the modified advection
scheme at the center of the leapfrog time step, and then
adjust the lower-order (second order) components at
each short time step only in the latter half of the leap-
frog time integration as shown in Fig. 3,

ADV = ADV(kt) — ADVL(kt) + ADVL".  (57)

Here, ADV(kt) is the higher-order advection with
the modified advection scheme at time step kt, while
ADVL(kt) and ADVL™ are the lower-order advection
component at kt and each short time step AT, respec-
tively. This adjustment is done from (ns — 1)/2 + 1 to
ns — 1, where ns is the ratio of 2A¢ and Ar.

To treat sound waves implicitly and split the gravity
waves, the vertical momentum equation is rewritten as

WA w1 aPP g

+ —+
AT myG2 9F | myC?,

PB

1
= BUOY™ ™" — (ADVW — ADVLW + ADVLW"
3

8
P
mC?

m3

—RW)+ (1 - o) (58)
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large time step 24t
ns/2+1

1

't 1

1

: modify low order part of advectior
ADV/(kt)

full evaluation of advection

kt+1

small time step
At

Fi1G. 3. Time splitting of advection for case of ns = 2At/At = 7.

The time splitting of advection of potential temperature
is an alternative way to split gravity waves:

67+A~r _ 61-
A7 = —(Adv.6 — ADVL6 + ADVLH)
+ g + DIF.0,
CP7T

a0
= ADVL6O — ADVLO™ + <—)

at (59)

Here ADVL6 is computed by a flux form second-order
central difference. In the operational version of NHM,
Eq. (59) is used instead of Eq. (56) for simplicity and
economy for 10-km-resolution runs. As mentioned in
the former subsection, the last term of the rhs of Eq.
(59) is given by tentative time integration in the cloud
microphysical process.

Figures 4a and 4b show vertical cross sections of po-
tential temperature and vertical wind at 0600 UTC 9
April 2002 as a case of computational instability of
NHM. Computational domain and specifications are
the same as in the operational version of NHM de-
scribed in section 4a. In this case, a strong inversion
layer existed at the 9-km level above the northeastern
part of China, with strong horizontal wind. A compu-
tational instability occurred with A¢ = 40 s without time
splitting of advection. Figures 4c and 4d are corre-
sponding results when advection terms are split. In this
case, short time step At is 11.4 s, and modification of
advection is conducted 3 times per single large time
step integration.

The time-splitting scheme mentioned above and the
divergence damping enables NHM to use 40 s for At in
the leapfrog scheme to realize a stable run with a hori-
zontal resolution of 10 km, which corresponds to 80 s
in the second-order Runge—Kutta time-integration
scheme.

Table 2 shows comparison of computational times of
the 2-h run for the domain of the operational meso-
scale prediction (361 X 289 X 40) with two nodes of
HITACHI SR8000F1. Three cases, (a) no time splitting
with At = 20 s, (b) time splitting of gravity waves with
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temperature; contour interval is 5 K. (b) Vertical wind; contour interval is 5 cm s~ . (c), (d) Same as (a),

(b) but advection terms are split.

1275



1276

MONTHLY WEATHER REVIEW

VOLUME 134

TABLE 2. Computational time for 2-h run for MSM domain (361 X 289 X 40).

(a) No time splitting

(b) Time splitting of (c) Time splitting of

At =20s gravity waves At = 30 s advection Ar = 40 s
CPU (s) 0 CPU (s) O CPU (s) @)
Initial setting 97.5 3.7 102.2 5.1 104.2 6.4
Diagnosis 50.8 2.0 332 1.7 245 1.5
Advection 2833 10.6 187.4 9.5 141.4 8.7
Short-step dynamics 208.8 7.9 348.7 17.7 358.2 22.1
Surface stress 87.8 32 55.5 2.8 41.7 2.6
Radiation 62.8 24 533 2.7 46.3 2.9
TKE and diffusion 121.0 4.4 80.3 4.0 60.6 3.7
Cloud microphysics 1694.5 63.7 1076.9 54.5 812.3 50.2
Others 64.7 2.0 379 1.9 29.9 1.8
Total 2659.2 100 1975.6 100 1619.6 100
Acceleration (%) 100 74.2 60.9

Ar = 30 s, and (c) time splitting of advection with Ar =
40 s, are compared using almost the same specifications
as in the operational run. In this table, all computations
including time splitting of advection in short time steps
are accounted for as “short-step dynamics.” By splitting
gravity waves, the number of long time steps decreases
to 2/3 and total computation time decreases to 74%.
When the long time step is set to 40 s with time splitting
of advection, number of long time steps decreases to 1/2
and total computation time decreases to 61 %. Since com-
putation in short-step dynamics increases for the time-
splitting treatment and the radiation process is consid-
ered every 15 min, the total computation time is not in
direct proportion to the number of large time steps; still
these time-splitting schemes for gravity waves and ad-
vection considerably improve the model efficiency.

[ o [fow],
([froe)

The last term in the above equation represents a dif-
ference between the area mean precipitation rate and
the total surface flux of water vapor (total evaporation
at surface). Since these terms offset each other, the
magnitude of the adjustment for the mass flux at lateral
boundaries decreases by the inclusion of the diffusion
term of moisture in the continuity equation.

pGl/Z

m2

J. Code parallelization

The code parallelization is an important issue for
NWP models in current computer architectures. Re-

i. Lateral boundary condition and flux adjustment

Rayleigh damping sponge layers, which enforce the
external values on the prognostic variables, are im-
posed near the lateral boundaries. In MRI/NPD-NHM,
Rayleigh damping is employed for momentum, pres-
sure, and potential temperature, while in current NHM,
Rayleigh damping is used for specific humidity as well.

To satisfy the relation between time tendency of the
total mass within the entire model domain and the total
mass flux through the lateral boundaries, a flux adjust-
ment scheme at lateral boundaries is employed. Vol-
ume integrating the continuity Eq. (29), we obtain the
following relation between the time tendency of the
total mass in the entire model domain and the mass flux
through the lateral boundaries:

U Jowa) o (] racaer)

1 -
o f f m{(PRC) = pqw'} dx dy.

0

(60)

y

cently, an option of two-dimensional decomposition
has been implemented in NHM (Aranami and Ishida
2004). Generally, the two-dimensional decomposition
makes each communication length between computa-
tional nodes shorter and the load balance among com-
putational nodes could become better. However, the
increase of the communication frequency brings about
more overhead for communication and the reduction of
each loop length may lead to inefficiency in computa-
tion. Either one- or two-dimensional decompositions
can be chosen for NHM so that the computational ef-
ficiency becomes best in accordance with the architec-
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TABLE 3. List of symbols in Fig. 5.

Description

APRIL 2006 SAITO ET AL.
Prevp
water vapor
Qv Notation
Pcend Pidsn :
Pidep Ni
Ns
Pifzc Ng
Pcend
cloud water A cloud ice
Pimit .
Qc R Qi Pcenr
Ps.sacw Picns Pgaci
Psaci
Pgacr
Psdep T\
Pcenr snhow
Pgacw Pgacs
P .
AW | pg.sacw = Pgacs Praci
Pg.iacw | L L Pgacw
Pg.racs| | Pgaci
Ps.sacr i Pgdep
Pgfzr
— rain Psmit | pgmit graupel  j«—
Qr ) Qg Pgdep  Pgiacw
Pgacr [ Pgfzr
Piacr | Pg.sacr Pg.racs
Pg.sacr
Prprc Psprc Pgprc
Fi1G. 5. Cloud microphysics of NHM. Variables and processes in Pg.sacw
shadowed squares are omitted in the operational version of NHM.
For list of symbols, see Table 3. Pgmit
Pgprc
. Piacr
ture of the hardware, the number of available compu-
tational nodes, and the problem size. Picng
Writing output of the computed results on disks often
consumes substantial elapsed time in parallel comput- ~ Picns
ing. A special node can be exclusively spared for the — FideP
output process on user’s demand in the parallel com- 5.,
putation of NHM. A set of “fake MPI” subroutines is  pjfc
offered for users who use NHM on personal computers  Piiacw
without the MPI libraries.
Pimlt
. Pispl
4. Physical processes Praci
a. Cloud microphysics
Py Pracs
An explicit three-ice bulk microphysics scheme
(Ikawa and Saito 1991) based on Lin et al. (1983) is  Fracw
incorporated. The pressure perturbation term was lin- Prevp
earized to compute temperature perturbation in MRI/ pype
NPD-NHM, but this approximation has been removed  Psaci
in the latest version of NHM. Although the original full
microphysics predicts number concentrations of cloud, gs‘éng
snow, and graupel, only mixing ratios are treated as the Pznilf
prognostic values in the operational version. Besides,  pggcr
an economical, reduced version of the bulk method has
been developed by Yamada (2003a), where some trivial ~ Ps.sacw
terms mainly for production of graupel are omitted b
sprc

(Fig. 5; see Table 3 for list of symbols used in Fig. 5). As

Number concentration of cloud ice

Number concentration of snow

Number concentration of graupel

Production of cloud water by condensation of water
vapor

Generation of rain by collision and coalescence of
cloud water

Production of graupel through accretion of cloud
ice by graupel

Production of graupel through accretion of rain by
graupel

Production of graupel through accretion of snow by
graupel

Production of graupel through accretion of cloud
water by graupel

Production of graupel for depositional growth

Production of graupel by probabilistic freezing of
rain

Production of graupel through accretion of cloud
water by cloud ice

Production of graupel through accretion of snow by
rain

Production of graupel through accretion of rain by
Snow

Production of graupel through accretion of cloud
water by snow

Production of rain by melting of graupel

Precipitation of graupel

Production of graupel through accretion of rain by
cloud ice

Generation of graupel through accretion of rain by
cloud ice

Generation of snow by conversion of cloud ice

Production of cloud ice by depositional growth of
cloud ice

Generation of cloud ice by nucleation of cloud ice

Production of cloud ice by freezing of cloud water

Production of cloud ice through accretion of cloud
water by cloud ice

Production of cloud water by melting of cloud ice

Production of cloud ice by ice splinter multiplication

Production of graupel through accretion of rain by
cloud ice

Production of snow through accretion of snow by
rain

Production of rain through accretion of cloud water
by rain

Production of water vapor by evaporation of rain

Precipitation of rain

Production of snow through accretion of cloud ice
by snow

Generation of graupel by rimming of snow

Production of snow by depositional growth

Production of rain by melting of snow

Production of snow through accretion of rain by
snow

Production of snow through accretion of cloud water
by snow

Precipitation of snow
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10000
== NHM (cycle) : threshold
9000 0.5mnvhr
---A -~ NHM(not cycle) : threshold
0.5mm/hr
8000 —&— MSM : threshold 0.5mnvhr
2 7000 ¢—NHM(cycle) : threshold
c 1.0mm/hr
Q -- -4 -~ NHM(not cycle) : threshold
_g' 6000 - 1.0mmvhr
= Y 2 —@— MSM : threshold 1.0mm/hr
[@)] b
5 5000 P Y === NHM(cycle) : threshold
bl A 20mmhr
_8 4000 : -- -l -- NHM(not cycle) : threshold
= 20mnvhr
=] —— MSM : threshold 2.0mnvhr
Z 3000
=@ NHM(cycle) : threshold
40mnvhr
2000 ---@ - - NHM(not cycle) : threshold
40mnvhr
1000 —&— MSM : threshold 4.0mnvhr

1 2 3 4
Forecast Time

F1G. 6. Time sequences of number of grid points exceeding threshold of precipitation
intensity. Initial time is 0000 UTC 11 Nov 2003.

an additional tuning for operation, evaporation rates of
rain, snow, and graupel are modified to 50% of the
original rates to reduce excessive evaporation in the
lower atmosphere found in 10-km-resolution runs. Be-
sides, Kessler’s autoconversion threshold value from
cloud water to rain is modified from the original value
of 1t0 0.1 g Kg™' to avoid the underestimation of weak
precipitation.

The box-Lagrangian scheme (Kato 1995) is applied
not only to computation of fallout of rain but also to
graupel to keep computational stability for Az = 40 s in
operation.

To prepare initial conditions of cloud microphysical
quantities, a 6-hourly forecast-forecast cycle system is
employed, where cloud microphysical quantities are
given by the 6-h forecast of NHM but set to zero at the
grid points where the relative humidity is less than 90%
(Ishida and Saito 2005). Figure 6 shows the time se-
quences of numbers of grid points where precipitation
intensity exceeds threshold values in a simulation of
0000 UTC 11 November 2003. Without the forecast—
forecast cycle of cloud microphysical quantities, pre-
cipitation of NHM is too weak at initial startup. At the
first 1 h, the numbers of grid points are less than half of
those of MSM. This underestimation of rain affects sub-
sequent forecasts of NHM up to 6 h. With the forecast—
forecast cycle of cloud microphysical quantities, this un-
derestimation is ameliorated.

b. Convective parameterization

Cumulus parameterization is one of the most im-
portant issues to determine model performance in
GCM and NWP models. Although MRI/NPD-NHM
was equipped with two convective parameterization
schemes (the Arakawa-Schubert scheme and the
moist convective adjustment scheme), performance
of these schemes are not ensured in a relatively high
horizontal resolution such as 10 km, because these
schemes were originally developed for GCMs, assum-
ing that horizontal grid space is much lager than the
cloud scale.

In NHM, the Kain-Fritsch (K-F) convective param-
eterization scheme (Kain and Fritsch 1993) has been
implemented by Yamada (2003b). In addition to the
recent modifications described in Kain (2004), sev-
eral 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 Ja-
pan, where a moist and unstable maritime air mass pre-
vails.

In the “trigger function” in the Kain—Fritsch scheme,
a concept of temperature increment is introduced to
simulate local perturbation forcing as a function of grid-
scale updraft. Even though this temperature increment
is formulated in the original scheme as a function of
horizontal resolution, the original scheme sometimes
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1 5 10 20 50 oo

FI1G. 7. (a) Three-hour-accumulated precipitation (mm) at 0000 UTC 19 Jul 2003 by Radar-AMeDAS analysis.
(b) Forecast of NHM with the original Kain—Fritsch scheme. Initial time is 0600 UTC 18 Jul 2003. (c) Same as in
(a), but with the modified Kain-Fritsch scheme. (d)-(f) Same as in (a)-(c), but at 1800 UTC 19 Jul 2003. Initial time

of NHM is 0600 UTC 19 Jul 2003.

produced excessive orographic rainfall. Thus, the factor
of an offset (increase) of the airmass temperature at the
lifting condensation level was reduced from the original
value (1 K) to 0.2 K. To prevent the overestimation of

the grid-scale motion, the updraft at each grid point is
evaluated by averaging the values in the adjacent nine
grid points.

As for the calculation of “updraft property,” in the
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FiG. 8. (a) Time sequences of the maximum updraft in a simu-
lation with and without the target moisture diffusion. Initial time
is 1800 UTC 18 Jul 2004. Unit of vertical axis is m s~ . (b) Same
as in (a) but the maximum 1-h rain intensity. Unit of vertical axis
ismm h™ .

original precipitation formation scheme using Ogura
and Cho (1973), precipitation is produced in the up-
draft regions regardless of the magnitude of conden-
sates. With this scheme, unnatural precipitation pat-
terns were sometimes obtained such as elongated
precipitation regions whose orientations were perpen-
dicular to major rainbands. Similar unnatural precipi-
tation patterns in the simulation of rainbands with the
Kain-Fritsch scheme have been reported by Knievel
(2002) and H. Kusaka (2004, personal communication).
To ameliorate such precipitation patterns, a new
scheme based on the concept of the Kessler-type auto-
conversion was introduced, in which the parameterized
condensates in the updraft are converted into precipi-
tation only when their values exceed a prescribed
threshold value (1.0 g kg™ 1).

Concerning the “closure assumption,” the default
setting assumed that the convection consumes the pre-
existing CAPE by 90% in a single application of the
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Kain-Fritsch scheme. However, forecast experiments
showed that this setting tended to overstabilize the
model atmosphere, and strong rain decreased with time
in the forecast period of 18 h. To prevent this undesir-
able excessive stabilization of the model atmosphere,
the reduction rate of CAPE in the column by a single
application of the K-F scheme was diminished from the
default value (90%) to 85%.

Figure 7 shows an example of the prediction with the
original and modified K-F schemes for a heavy rain
event at Kyushu, western Japan, in 2003. At 0000 UTC
19 July, heavy rainfall was observed at northern part of
Kyushu Island, associated with a major rainband that
runs from the East China Sea to east-northeast (Fig.
7a). Figures 7b and 7c show the corresponding simula-
tions by NHM whose initial time is 0600 UTC 18 July
(FT = 18). In the original K-F scheme, the simulated
rain intensity was relatively weak, and the intense rain-
fall was mainly simulated northeast of Kyushu. Unnatu-
ral orographic rainfall appeared over the southern part
of Kyushu (Fig. 7b). On the other hand, with the re-
vised K-F scheme, these shortcomings are ameliorated
and the location of the heavy rainfall is improved
(Fig. 7c¢).

This rainband moved southeastward slowly and
brought another heavy rainfall the day after. At
1800 UTC 19 July, a heavy rainfall was observed at
western central part of Kyushu (Fig. 7d). Figures 6e and
6f show the corresponding simulations by NHM, whose
initial time is 0600 UTC 19 July (FT = 12). In the
original K-F scheme, the intense rainfall was simulated
in northern part of Kyushu (Fig. 5¢), while the location
is much improved with the revised K-F scheme
(Fig. 51).

c. Targeted moisture diffusion

With the above-mentioned modification of the K-F
scheme, representation of heavy rainfall events by
NHM was improved. However, intense grid-scale up-
drafts often developed in the model with the increased
rate of residual CAPE, because this change allows
more convective unstableness in the model atmo-
sphere.

To control the gridpoint storms and the associated
intense grid-scale precipitation, the targeted moisture
diffusion (TMD) has been implemented to NHM (Saito
and Ishida 2005). The basic idea of TMD was devel-
oped by T. Davies of the Met Office for the Unified
Model (Davies et al. 2005), where a second-order hori-
zontal diffusion is applied to water vapor when strong
upward motions exist to selectively damp the gridpoint
storms caused by the positive feedback of the latent
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heat release by condensation and updraft accelera-
tion. In the mesoscale UM with 38 levels and a hori-
zontal resolution of 0.11° (12 km), TMD is applied to all
grid points in a column where the upward motion ex-
ceeds 1.0 ms~ L. In case of NHM, horizontal diffusion
with an e-folding time of 300 s is applied to water
vapor at grid points where the upward motion exceeds
20ms L

Figure 8 shows an example of the time sequences of
the maximum updraft and rainfall intensity by NHM,
which covers the domain of the operational mesoscale
prediction. The initial time is 1800 UTC 18 July 2003.
Without TMD, the maximum updraft reaches 6 ms™!
at FT = 5-8 h, and very intense rainfalls of about 140
mm h™! at maximum are predicted at FT = 7-8 h. At
FT = 16.8 h, a spikelike strong updraft of 8 ms™! is
seen, which is caused by gridpoint deep convection.
With TMD, the maximum updraft and the maximum
rain intensity are reduced to reasonable values, less
than 4.5 ms~! and 80 mm h™', respectively.
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d. Surface processes

It was known that MRI-NPD/NHM had problems in
the surface properties: the cold bias at the surface in
case of unstable conditions, and the wet bias at the
surface. Overestimation of the surface latent heat flux
was a main cause of the above biases. The following
modifications have been made by Kumagai (2004a):

1) The value of scalar roughness lengths for heat and
moisture (z,,) has been reduced to about 1/7.4 of
momentum roughness length (z,,,) following Gar-
ratt and Francey (1978). This modification reduces
the latent heat flux at surface.

Computation of bulk coefficients for surface fluxes
over land has been changed from Sommeria (1976)
to Louis et al. (1982) as in MSM. This modification
reduces the overestimation of surface fluxes in
strongly stable case.

2)

The surface bulk coefficients for momentum (C,,,,)
and heat (C,,) fluxes are given by following formula:

r 1
a, . .
1L 2bRig Riz =0
) V1 + dRig 1)
Com = . 61
" 2bRi
anf 1= 7 Ri, <0
Za . 1 s
1+ 3ba’,c~ | — [Rig| :
Zom
r 1
a,,a : Riz=0
"(1 +3bRiy\/1 + dRiB> &
Con = % 3bRi (62)
a,a,| 1— Ri
Za . 1p < 0,
1 + 3ba,a,c~ | —IRig|
- 20

where Riy is the bulk Richardson number defined by

. 8%, 0, — b
ig= b 2t and (63)
K K 64
Um _l z, > _1 Z,
0g—— 0g —
& 20m & 20n

Here, b = ¢ = d = 5, and k (= 0.4) is the von Kdrman
constant. Subscripts a and s denote values at the lowest
level of the model (z, = 20 m) and surface, respectively.

3) Following MSM, a stomatal resistance has been in-
troduced to express the diurnal and seasonal

changes of the evapotranspiration at the surface.
The surface water vapor flux is parameterized by the
downward shortwave radiation flux S| as

- 1
qlllw/ == 1 (Qva - quy)v (65)
+ 1,
qu ui + 1)3
j
I's = Tsda + o ) (66)
-day . SJ,
So

where r, is the stomatal resistance and S, = 1 W
m 2 In the daytime r, approaches Tyday (308 m~!

from April to October and 60 s m~' in other
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months), while at night r, becomes 7, 4.y + 7 night
(300 s m™'). The above parameterization reduces
the latent heat flux and ameliorates the excessive

moistening at the lowest level.

e. Boundary layer processes

The above-mentioned wet bias at surface is also
caused by weak diffusion in the planetary boundary
layer (PBL) of NHM. This tendency also yields weak
bias of surface wind. To consider the nonlocal effect,
the following modifications have been made by Kuma-
gai (2004b):
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1) The mixing length in the original version of NHM
was determined by a typical grid interval As and the
local atmospheric stability according to Deardorff’s
(1980) formula and was modified by Blackadar
(1962) near surface so that the mixing length ap-
proaches a product of the von Karman constant and
the height above ground level. However, this treat-
ment tended to underestimate the mixing length
near surface and suppress the development of con-
vective boundary layer. In new NHM, following Sun
and Chang (1986), the vertical mixing length /, in the
TKE equation is determined using a PBL height /pp; :

( lsc(2) Z = hpgr
[ b4
12 —
hpgr hpgr, <z =12hpg;, N*=0
max| lsc(hppr) 02 As
[ z
L= 9 Y e home < 2= 12hpgy, N2>0, 67
max| lgc(hpg) — =, min| As, 0.76 ——
| 0.2 N
As 7> 12hpg,, N=0
12
. £ 7> 12hpg,, N?>>0
. mln(As, 0.76 N ) PBL

where E is the turbulent kinetic energy and N is the
Brunt-Vaisala frequency, and

lsc(z) = 0.25{1.8hPBL[1 - exp<4 Z )
hpgy.

—0.0003exp<8 < )]}
hPBL

The PBL height is defined by the level at which the
virtual potential temperature exceeds the value at
the lowest level.

2) Anisotropy of turbulence is considered, where the
mixing lengths are determined separately in the ver-
tical and horizontal directions using the vertical and
horizontal grid interval, respectively. The turbulent
Prandtl number and turbulent diffusion coefficients
are also determined separately in the vertical and
horizontal directions using the vertical and horizon-
tal mixing length, respectively.

(68)

f- Diagnosis of turbulent energy

A 1.5-order turbulent closure model is incorporated
in NHM to determine the diffusion coefficients. This
scheme treats the TKE as a prognostic variable and

integrates the TKE equation. In the TKE prognostic
scheme, the initial and lateral boundary conditions of
TKE are required to maintain the structure of the
boundary layer; however, these conditions are not sup-
plied by the Meso 4DVAR and RSM. Besides, time
integration of TKE is computationally expensive if we
use a higher-order scheme with the modified advection
scheme. In NHM, when the surface wind is strong, the
computational mode sometimes appears in the 10-km
run with Ar = 40 s if TKE is computed using a simple
fourth-order centered difference scheme without the
advection correction scheme.

To overcome the above problem, a new option has
been implemented (Kumagai and Saito 2004), in which
TKE is not predicted but diagnosed. Assuming local
equilibrium in the TKE equation, we obtain the follow-
ing relation between the buoyancy and shear produc-
tion terms and viscosity dissipation term:

ou, ou;\ou; C,[K,.\>
_ty )yt e mz
+;K'”f<ax,+3x,.> ax; 1 (C l)

z m°z

gKhz aeu
0 oJz*

=0. (69)

Here, K,,,. and K,,, are vertical diffusion coefficients for
momentum and heat, respectively, and using the verti-
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cal mixing length and the inverse turbulent Prandtl
number, they are given by

K, = C,LE"”, (70)

K,, =Pr.'K,,., (71)

Pt = (2)
1 4—:2252

Using Eqgs. (69) and (71), K,,,. can be obtained by

c L (ou;, ou;\ du; g a6
2 _ma S =2y )2 S p 1l Y
Ko = C lz|:2 L, <0x]- * ax,»> ax; OPrZ az*j|’

e L%

(73)
and turbulent energy is diagnosed by Eq. (70).

g Implicit treatment of vertical diffusion

In MRI/NPD-NHM, vertical diffusion was treated
explicitly, where a limiter of diffusion coefficients,

(Az)?
At

was imposed to meet the linear stability condition.
When a large Ar was taken, this limiter restricted the
vertical diffusion near the surface, which sometimes
caused wet and cooling biases of MRI/NPD-NHM. Im-
plicit treatment of vertical diffusion, which was once
implemented to MRI-NHM by Fujibe et al. (1999), has
been reimplemented to NHM. The prognostic equation
for ¢ is discretized in time as

¢I+Al _ (bI*Al
2At

K<K,.(z)=01 (74)

= —Adv.d' + V(K V02

9 ad)H—At
+— | K .
iz ( Z 9z

The value of ¢ at t + At is obtained by solving the
following elliptic equation:

t+Ar
ad) ) _ ¢1+At
a9z

(75)

ad
2At£ <KZ

= —2Af—Adv.¢' + V]I(Kuvnﬁbtim)] — '
(76)

At the first implementation, the surface flux was
treated as a forcing term at the lower boundary condi-
tion; however, such a treatment yielded computational
instability when strong winds associated with a typhoon
were predicted around steep slopes. In the operational
version of NHM, the surface flux at ¢ + At is computed
fully implicitly using bulk coefficients.
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F1G. 9. Time sequences of the temperature and dewpoint tem-
perature at 1.5-m height at Kumagaya, a city near Tokyo. Initial
time is 1800 UTC 4 Jun 2003. After Kumagai and Saito (2004).

Figure 9 shows the time sequences of surface (1.5 m)
temperatures and dewpoint temperatures at Kuma-
gaya, a city near Tokyo, on 5 June 2003 predicted by
NHM. In this case, the maximum temperature reached
about 30°C, but the maximum temperature by the pre-
vious version of NHM was about 26°C. The observed
dewpoint temperature was less than 15°C throughout
simulation period, but the simulated dewpoint tem-
perature increased in the daytime and exceeded 20°C.
Obviously, these discrepancies were caused by the cold
and wet biases in NHM. As shown in this figure, these
biases are removed in the new NHM with the modified
schemes (see sections 4d, 4e, 4f, and 4g).

h. Atmospheric radiation

Atmospheric radiation is based on Sugi et al. (1990),
which was implemented to MRI/NPD-NHM as de-
scribed in chapter G-5 of Saito et al. (2001a). The trans-
fer function in longwave radiation is computed by a
random model of Goody (1952) in which absorption by
water vapor and carbon dioxide is considered. Short-
wave radiation is computed by a two-stream approxi-
mation method parameterized for wavelengths smaller
than 0.9 um and larger than 0.9 um. Absorbers consid-
ered in the model are water vapor and cloud droplets.
The band parameters are given by Lacis and Hansen
(1974). Cloud fraction is parameterized using a pre-
scribed function of relative humidity where the cloud is
classified into three categories as in Smagorinsky (1960)
and critical values of humidity to compute cloud frac-
tion are determined with reference to statistics by Ohno
and Isa (1984).

In the operational version of NHM, the upper limit to
diagnose upper-level clouds has been changed from 300
hPa of MRI/NPD-NHM to 100 hPa or tropopause
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Fi1G. 10. (a) Bias scores for 3-h rain by MSM and NHM against threshold of rain intensity. Verification grid size
is 20 km. Total scores for all forecast times (64 X 6 = 384 cases) for 16 days from 12 to 27 Jan 2004. (b) Same as
in (a) but for threat score. (c) Time sequences of bias score for 5 mm (3 h) "' by MSM and NHM. Total scores of
64 cases for 16 days from 12 to 27 Jan 2004. (d) Same as in (c) but threat score.

level, to avoid an unnatural selective cooling near the
300-hPa level. Optical depth for shortwave radiation of
upper-level clouds has been parameterized for pressure
level to consider radiative properties of upper-level
clouds. The lower limit to diagnose lower-level clouds
has also been modified from 230 m of MRI/NPD-NHM
to 500 m to ameliorate an unnatural cooling of the low-
est level in the atmosphere over the ocean in winter.
Computation of the radiation process is made every 15
min with a spatially thinned-out operation by 20 km
horizontally. This thinning is different from that of
MSM, where the radiation process is computed every
60 min without a thinning in space, but gives almost no
differences in the forecast result.

5. Verification and operational application
a. Verification of model performance: Winter 2004

To evaluate the performance of NHM as a mesoscale
NWP model, tests and verifications were carried out

with the same condition as in the operational run de-
scribed in section 2. In advance of commencement of
the preoperational daily runs of NHM, two test periods,
summer 2003 and winter 2004, were selected to evalu-
ate the quantitative performance of NHM. The periods
are 1) 16 days from 17 to 24 June 2003 and from 18 to
25 July 2003 for summer, and 2) 16 days from 12 to 27
January 2004 for winter. Sixty-four runs of 18-h fore-
casts were conducted in each period. Since verification
of a preoperational test from April to August 2004 is
described in the next subsection, and its verification
results are basically the same as in summer 2003, we
show only results of winter 2004 in this subsection.
Figures 10a and 10b show bias and threat scores for
3-h-accumulated precipitation by MSM and NHM, re-
spectively. In these figures, total scores for all 3-hourly
forecast times (FT = 3, 6,9, 12, 15, and 18) in the test
period from 12 to 27 January 2004 are calculated; thus
384 cases are used to compute the total scores. The
verification grid size is 20 km, and verification is done
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FiG. 11. Histogram of 1-h precipitation intensity for model grid by MSM and NHM. Hori-
zontal axis is rain intensity, and vertical axis is frequency. Total for all forecast times for 16

days from 12 to 27 Jan 2004.

using the JMA’s Radar-Automated Meteorological
Data Acquisition System (AMeDAS) analyzed precipi-
tation for grid points over land and over sea within 40
km from the coast. Apparently, bias scores of MSM are
too large and exceed 5 for threshold values larger than
10 mm (3 h)~! (Fig. 10a). Bias scores of NHM also
exceed unity for all threshold values; however, they re-
main less than 3. It is well known that snow is often
underestimated in the Radar-AMeDAS analyzed pre-
cipitation. This tendency may lead to these high bias
scores of NWP models; however, in the case of MSM,
simplification of precipitation processes such as the ne-
glect of advection of snow is likely to cause overesti-
mation of the orographic precipitation as mentioned
later. Threat scores of NHM prevail over those of MSM
for all threshold values except 15 mm (3 h) ! (Fig. 10b).

Figures 10c and 10d show the time sequences of bias
and threat scores by MSM and NHM for moderate pre-
cipitation [S mm (3 h) '], respectively. Bias scores of
NHM increase with time and reach 2.5 at FT = 18, but
they are still obviously closer to unity than MSM.
Threat scores of NHM prevail over those of MSM for
all forecast times except FT = 9.

Figure 11 shows the histogram of 1-h precipitation
intensity for model grids of MSM and NHM. Compared
with the Radar-AMeDAS analysis, frequencies by
MSM are too large for moderate to intense precipita-
tion. The frequencies by NHM are also larger than the
observational values in most intensity, but relatively
closer to observation than MSM, which shows the same
tendencies as bias scores shown in Fig. 10a.

Figure 12 shows the 3-h accumulated precipitation
over central Japan at 0000 UTC 13 January 2004. In this
case, a typical winter monsoon cold-air outbreak brings
snowfall over the mountainous region (for topography,
see Fig. 1) of central Japan. Observed accumulated pre-
cipitation is shown in Fig. 12a. In the corresponding
forecast of MSM (Fig. 12b), intensity of precipitation is
overestimated and the location of precipitation is re-
stricted to the windward side of the mountain ranges.
These shortcomings of MSM are due to the moist pro-
cess, wherein condensed water vapor over windward
mountain slope instantaneously turns to the surface
precipitation. In NHM (Fig. 12¢), above overestimation
of orographic snow is ameliorated, because evaporation
and drift effects of cloud ice and snow are considered in
the prognostic cloud microphysical processes. Saito et
al. (1996) conducted a numerical simulation of oro-
graphic snowfall over the mountainous region of north-
ern Japan and pointed out that snow drifts leeward
more than 20 km by the relatively small fall speed
(about 1 m s~ ). Similar results of improvement of oro-
graphic precipitation (the luv-lee problem) by imple-
mentation of the prognostic scheme have been reported
by Baldauf (2004) for the Lokal-Modell (LM) of Ger-
many.

Figure 13 shows vertical cross sections of cloud wa-
ter, cloud ice, graupel, and snow along the line A-B in
Fig. 12c. As shown in Fig. 13a, relatively flat cloud wa-
ter area is seen over the Sea of Japan, whose cloud-top
height is about 2 km. Since the 0°C level is located near
sea surface in this case, this cloud area consists of su-
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