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Abstract

The non-hydrostatic numerical weather prediction (NWP) model ASUCA
developed by the Japan Meteorological Agency (JMA) was launched into
operation as 2 and 5 km-resolution regional models in 2015 and 2017, re-
spectively. This paper outlines specifications of ASUCA with focus on the
dynamical core and its configuration/accuracy as an operational model.
ASUCA is designed for high computational stability and efficiency, mass
conservation and forecast accuracy. High computational stability is achieved
via a time-split integration scheme to compute acoustic terms and an advec-
tion scheme with a flux-limiter function to avoid numerical oscillation. In
addition, vertical advection and sedimentation are calculated together with
another exclusive time-splitting technique. ASUCA adopts hybrid paral-
lelization using Message Passing Interface (MPI) and Open Multi Process-
ing (OpenMP) for high computational efficiency on massive parallel scalar
computers. The three-dimensional arrays are allocated such that the ver-
tical direction is the stride-one innermost dimension to make effective use
of cache and multi-thread parallelization. This is particularly advantageous
for physical processes evaluated in a vertical column. To ensure mass con-
servation, density rather than pressure is integrated as a prognostic variable
in flux-form fully compressible governing equations. ASUCA exhibited bet-

ter performance than the previous operational model in idealized and NWP
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1. Introduction

Numerical weather prediction (NWP) models form the technical foun-
dation of weather forecasting by the Japan Meteorological Agency (JMA);
their precision directly affects the accuracy of weather advisories/warnings
and various other types of weather information. As weather-related disas-
ters in Japan have become more intensified in recent times, optimization of
prediction accuracy is an important factor in disaster mitigation. Against
such a background, stable operation and sustainable development of JMA’s
operational NWP model are vital.

JMA has operated regional mesoscale NWP models with 2 and 5 km hor-
izontal resolutions since 2012 and 2006, respectively, for purposes including
mitigation of disasters caused by torrential rain. The Agency began re-
gional mesoscale NWP model operation in 2001 with a hydrostatic model
featuring a horizontal resolution of 10 km. This was replaced in 2004 by
the non-hydrostatic model JMA-NHM (Saito et al. 2001, 2006), which was
initially developed for research and subsequently adopted for operational
use.

Though the JMA-NHM had been utilized extensively in research fields,
its operation highlighted various problems, such as difficulties in achieving
numerical stability, high-performance computing and sophistication of an

NWP system including data assimilation.
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As the reliance on NWP products increases in weather forecasting, higher
numerical stability is required. To improve the computational stability, var-
ious methods (including artificial horizontal diffusion) have been introduced
to the JMA-NHM. However, the JMA-NHM has occasionally caused compu-
tational instability or produced artificial noise for various complex reasons.
The strength of the artificial diffusions applied to avoid numerical instabil-
ity have been set empirically due to a lack of any scientific basis for such
determination. Furthermore, sedimentation and vertical advection for wa-
ter substances are treated independently of each other in the JMA-NHM.
This treatment often affects the vertical distribution of the water substances
and numerical stability. Accordingly, the application of artificial numerical
diffusions in the JMA-NHM does not solve this problem; an overall recon-
struction of the dynamical core is required.

Another significant issue relates to the rapid progress of high-performance
computing. JMA upgrades its supercomputer system every five or six years
with an increased number of CPUs. The sixth-generation system (1996 —
2001) had only 4 CPU cores, while the seventh (2001 — 2006) and eighth
(2006 - 2012) had 640 and 2,560 cores respectively. The number of CPUs in
supercomputer systems is expected to maintain exponential growth, giving
rise to an urgent need for higher parallel computation efficiency.

However, the various efforts implemented to solve these problems com-
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plicated the source code of the JMA-NHM, and eventually hindered further
development toward higher forecast accuracy. To promote ongoing NWP
model development, sophisticated code management was needed. Against
this background, JMA began development of the new non-hydrostatic dy-
namical core ASUCA, which is a recursive acronym of “ASUCA is a System
based on a Unified Concept for Atmosphere”, in 2007.

For high computational stability, the monotonicity-preserving advection
scheme proposed by Koren(1993) is utilized to avoid numerical oscillation,
and the third-order Runge-Kutta method (Wicker and Skamarock 2002) is
employed. Time splitting is also applied for vertical advection and falling
water substances to satisfy the Courant-Friedrichs-Lewy (CFL) condition.
These enable the exclusion of additional terms for computational stability
such as numerical diffusion and divergence damping (Skamarock and Klemp
1992). The terms for vertical advection and falling water substances are
calculated together, as independent treatment may cause unrealistic vertical
separation of water substances.

To ensure accurate mass conservation, density rather than pressure is
integrated as a prognostic variable in flux-form fully compressible equations
with the finite volume method. Horizontally split-explicit and vertically im-
plicit time integration method based on the conservative Split-Explicit Time

Integration Method (Klemp et al. 2007) is employed to control acoustic and
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gravity waves.

Hybrid parallelization using Message Passing Interface (MPI) and Open
Multi Processing (OpenMP) is adopted for high computational efficiency on
massive parallel scalar computers. Computation, communication and disk-
/O are overlapped as much as possible, and three-dimensional arrays are al-
located such that the vertical is the stride-one innermost dimension to make
effective use of cache, multi-thread parallelization and Single-Instruction
Multi-Data (SIMD) instructions. This design enables ASUCA to achieve
high scalability on current parallel supercomputer systems.

A modern software management system including source code review,
documentation, version control and project management tools is used to
improve code quality and ensure a scientific research basis. To promote
the development of physical process schemes which play key roles on NWP
performance, physical process schemes are implemented via an independent
library of the ASUCA dynamical core. Here, physical process schemes are
designed as vertical one-dimensional models with unified coding and inter-
face rules to support development using single-column models. The data
assimilation system (Ikuta et al. 2021) and the forecast model are man-
aged with a unified source code tree to maintain consistency between the
4D-Var assimilation system and the forecast model. This system facilitates

the development and maintenance of source code quality. Intensive testing
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and checking were performed in the development of the operational model
to avoid unexpected effects such as downgraded forecast accuracy.

ASUCA was found to perform better than the JMA-NHM, and replaced
it as the Local Forecast Model (LFM) with 2 km resolution in 2015 and as
the Meso Scale Model (MSM) with 5 km resolution in 2017. The ASUCA-
based Mesoscale Ensemble Prediction System (MEPS; Ono et al. 2021) and
the 4D-Var assimilation system (Ikuta et al. 2021) have been operated to
provide uncertainty information and initial fields for the MSM since 2019
and 2020, respectively.

This paper outlines specifications of ASUCA with focus on the dynam-
ical core and its configuration/accuracy as an operational model. Section
2 details the governing equations, and Section 3 describes discretization
including the treatment of advection and time integration along with the
derivation of the split-explicit method. Parallelization, which is essential
for future high performance computing (HPC), is detailed in Section 4, and
Section 5 presents simple specifications of physical process schemes used in
the operational system and their coupling with dynamics. Section 6 com-
pares the performance of ASUCA to that of the JMA-NHM in idealized and
realistic simulations, while Section 7 provides a summary and outlines the

future development plan of ASUCA.
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2. Governing Equations

ASUCA involves the use of non-hydrostatic fully compressible govern-
ing equations written in flux form for mass conservation. Spherical curvi-
linear orthogonal and hybrid terrain-following coordinates with a shallow
assumption are employed. To enable application of Lambert conformal
map projection (as supported by the JMA-NHM and used in operational
regional NWPs), ASUCA employs generalized coordinates for flexible three-
dimensional transformation. Map factors for conformal projection are in-
corporated into the transformation metric tensor. Derivation is described
in JMA (2014).

ASUCA employs a total mass density p and a modified moist potential

temperature 6,,, defined as

pEpd+pv+pc+pr+pi+ps+p97
o 1—e€ (1)
emze 1+ T QU_QC_QT_Qi_QS_qg .
The definition of 6, is identical to that of Klemp et al.(2007) except in
the incorporation of water substances. The subscripts d, v, ¢, r, 72, s and
g represent dry air, water vapor, cloud water, rain, cloud ice, snow and
graupel, respectively. g, is the ratio of the density of water substances a to
the total mass density (o = v,¢,7,14,5,¢). € is the ratio of the gas constant

for dry air R, to the gas constant for water vapor R,,, and 6 is the potential
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temperature defined as
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7 is the Exner function defined as

Rg

C.
.- (2) g 3)

Po
where p is the total pressure of moist air, py is the reference pressure (typi-
cally 10° Pascals), and C, is approximated by the specific heat capacity of
dry air at constant pressure.

The density p,, which is the sum of dry air and water substances whose

terminal fall velocity is assumed to be zero, is described as

pb=Zpa=p<1—an>, (4)

ased a=sed
where “sed” denote the collection of water substances which are assumed
to have non-zero terminal velocity.

The Jacobian of transformation from the Cartesian coordinates (x, y, 2)

to generalized coordinates (&, 1, €) is defined as
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where, &, = %

ax‘yz and the same description is applied to other metrics.

A restriction is imposed on vertical coordinates to satisfy £, = 1, = 0 as
required for application of the split-explicit time integration scheme as seen
in section 3.4.

Velocity components in generalized coordinates (U, V, W) are defined as

U=&Lu+&§u+Ew
V= neu + 10 4 nw
W = CGu + (v + Cw.
Here, (u, v, w) represent velocity components in Cartesian coordinates. The

terminal fall velocity of water substances « in generalized coordinates is

defined as

Wta - Czwtou (7)

where wy, is the terminal fall velocity in Cartesian coordinates.

10
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The variables p, pf,, and 7 are decomposed into the basic state and the

related deviation as

p:ﬁ+pl7 pem:%+(p9m)/a ﬂ:ﬁ—{'ﬂ-/? (8)

where the basic state is time-independent and satisfies the hydrostatic equi-

librium

0

fyRﬁCz@_C (p0rm) + g = 0. (9)

v = C,/C, is the ratio of the heat capacities, where C, is the specific heat
capacity of dry air at constant volume, and g is gravity acceleration. The

definitions of all variables are summarized in Appendix A.

2.1 Momentum equations

As described above, the basic equations are transformed to generalized
coordinates using map projection with spherical curvilinear orthogonal co-
ordinates based on a shallow assumption. The transformed equations of

motion are described as

11
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0 (1 0 (1 0 (1 0 (1
o (?“) ot (770) 3 (o) + 3 ( b“W>
/ 1 8 / !/
+ yRym {—Eya—g (pOm) + jnya—n (pb) + jCya—g (pOm) } (11)

1 1
= Z ag{ —P4aV W+Wta)} + qu+ puf+ pr

a=sed J

o /1 o /1 0 (1 0 (1

a1 (57) 3 (o) + 5 (o) + 3 ()
MRdw{chaC( >/}+ (%—%)9 (12)

1
= - Z {JpQ()z W+Wta)}+jpr7

a= sed

where

(13)

The variables m; and msy are map factors relating to map projections
(Saito et al. 2001). f is the Coriolis parameter. F),, F,, and F,, are the

source and sink terms of momentum based on physical processes for the x-,

y-, and z-directions, respectively.

12
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The governing equations are solved on the coordinate system based on
hybrid terrain-following vertical coordinates and Lambert conformal projec-
tion in regional configurations, in which the metric tensor is determined by
the vertical coordinate transformation factor and the map factors. Details
of the map projection and vertical coordinates employed in the operational

regional NWPs are given in Appendix B.

2.2 Equation for mass conservation

The equation for mass conservation is

0 (1 0 (1 0 (1 0 (1 0 (1 1

2y R e (e e - _ B F

ot (Jp) " e (JpU) o (JW) "o <J”’W) 2% (J”q“ (W”V““)) v
(14)

where F), is the source, sink and sub-grid transport term of total mass

density.

2.8  Prognostic equation for potential temperature

The thermodynamic equation is

13
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where @)y is diabatic heating.

2.4 Prognostic equation for water substances

The prognostic equation for the density of water substances is

0 (1 0 (1 0 (1 0 (1 1
— | =Pt ) + = | =p0U | + — | =PV | + == | =p¢a(W + W) | = =F,
at(Jpq)Jrag(Jpq )+8n<Jpq >+8C(JPCJ( + w)) 7
(16)
where [, is the source and sink term for the density of water substances

a based on physical processes.

2.5 State equation

Using p and 6,,, the state equation for the ideal gas can be written in

the same manner as that for dry conditions:
p = Rympb,,. (17)

3. Discretization

3.1 Spatial discretization

The grid structures of the model are the Arakawa-C type (Arakawa and

Lamb 1977) in the horizontal direction and the Lorenz type (Lorenz 1960) in

14
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the vertical direction. The equations are spatially discretized using the finite
volume method to conserve total mass across the entire domain; this mass

is controlled by inflow and outflow from the lower and lateral boundaries.

3.2  Advection scheme

Numerical oscillation should be avoided because it can cause spurious
negative values for positive definite prognostic variables (e.g. density) and
computational instability. However, higher-order linear advection schemes
except the first-order scheme are non-monotone (Godunov 1959). Accord-
ingly, a flux limiter function combining the solutions of the higher-order
scheme and the first-order scheme is used to achieve higher-order accuracy
without spurious oscillations (Durran 2010). Here, let us consider a simple

one-dimensional transport problem with a scalar variable ¢,

¢ 0 (ug)
54_ or

=0, (18)

and discretize the advection term as

‘E—&—% = (u¢>z+% = |¢; + ECI)(SH_%) (¢z - Cbi—l) uz‘—i—%?
19
- ¢i+1 - ¢2 ( )
T2 g — i

15
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where F,

il Wil Sipt and (I)(SH_%) are the flux and wind speed at the edge

of the i-th cell, the smoothness parameter and the flux limiter function,
respectively.

The model employs the flux limiter function proposed by Koren(1993)
which combines the third- and first-order upwind schemes using the smooth-

ness parameter s:

O (s) = max [0, min {23, % + gs, QH : (20)

Figure 1 shows the Sweby diagram (Sweby 1984) for the flux limiter
function in Eq. (20). The striped area indicates the region in which ®(s)
must lie to preserve monotonicity. When the distribution of ¢; is smooth,
the parameter s is close to unity and ®(s) = 5 + 2s. Equation (19) provides
the third-order upwind scheme. However, when ¢; has a local minimum or
maximum, s is negative and ®(s) is zero. The equation then gives the first-
order scheme. Thus, the third-order upwind scheme, which provides high

accuracy, and the first-order upwind scheme, which preserves monotonicity,

are smoothly connected. Based on Eq. (20), Eq. (19) can be written as

16
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[¢; + max {0, min (z;, y;, 2;) }] Uipl (x; >0)

]:z‘-s-% =
[¢; + min {0, max (x;, y;, z;) }| Ui 1 (z; < 0) (21)
Ly i
Ti =i — Qi1,  Yi = Pip1 — iy i = G + ‘%

Note that division by zero disappears in Eq. (21) in contrast to Eq. (20).
Figure 2 shows the results of a one-dimensional (1D) transport problem
in comparison with the first- and third-order advection schemes. A rectan-
gular pulse is advected 2500 time steps in a 200 grid periodic domain using
Courant number of 0.16. In the test, the time integration scheme in Section
3.3 is used. It can be seen that Koren’s flux limiter suppresses overshoot

and undershoot without numerical diffusions.

3.3  Time integration

The three-stage third-order Runge-Kutta (RK3) scheme proposed by
Wicker and Skamarock(2002) is adopted for time integration. In this scheme,

the differential equation

a6 _

] (22)

is integrated from ¢(t) to ¢(t + At) as

17
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6" = 6(0) + Fo(1) - 5Ot
67 = 6(0) + F(&") - 3L,
o(t+ At) = ¢(t) + F(¢™) - At.
This helps to reduce memory consumption because the updated value in

each stage can be calculated from the value in the previous stage and ¢(t).

3.4 Horizontally explicit and vertically implicit (HE-VI) scheme

Terms related to sound waves and gravity waves are evaluated on a
short time step using a horizontally explicit and vertically implicit (HE-VT)
scheme (Klemp et al. 2007) and the RK3 scheme is also applied on the
short time step. Forward time integrations with the short time step A7 are

used for the horizontal momentum equations:

1 T+AT 1 T . 1 o / .
(jpu) = (jpu) — YRy { & f( )T_,_jma_n(pe )T+ Cmac(pé’ ) }AT+9%uAT,

(23)

1 THAT 1 ! t ]‘ a T ]‘ 8 T ]‘ a T t
(jpv> = (jﬂv) —yRym {3£ya—£<p9m> + 7ny6_n(p0m) + 7Cya—<-(/)9m) }AT + R, AT,
(24)

where

18
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%= g (570) = 5 (7o) - 2 (5)

Za L g +1uF+1uf+1F 2
¢ \ g e ) TGP TGP T g e
273 The pressure gradient / buoyancy terms in the vertical momentum equa-

xa tion and the vertical advection terms in the potential temperature / density

s equations are implicitly evaluated to ensure computational stability as

1 T+AT 1 T . 1 o ot A p/T+AT 't 1) .
(jpw) = (jpw) - {’deﬂ' jCZG—C(pem) + 79 ?79} AT+ R, AT,
(27)
1 / T+AT_ 1 ! ! 0 1 T T+AT t
(Fomr) = (Gmr) {3 (Getmtonr™) bar w4, an
(28)
LN /1 N (o /1
0™~ () (& Cemr ).

276 Where

19



- [ (b057) + 3 (i) & (i)}
+ % (pd + %) Qo
n= {2 (50) + 2 (36) + 2 (36))
~Z (o) + 55
o7 and

—_~—

(pU) =& (pu) ™27 + &, (pv) 747, (31)
(pV) =na(pu)™27 + 1y (p0)™+27, (32)
(PW) =Colpu) A7+ ¢, (po) ™. (33)

It should be noted that terms including (pw) ™27 in Eqgs (31) — (33)
are omitted under the assumption that the vertical coordinate is restricted
to satisfy £, = 1, = 0 as outlined in Section 2. This restriction is nec-

essary for the vertical implicit treatment of Eqs (27) — (29). Eliminating
1

TH+AT 1 T+AT
(3(p9m)’) and (;p’) from Eq. (27) using Egs (28) and (29),

1 T+AT
the one dimensional Helmholtz type equation for w = (jpw) is de-

20
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2 tl 8 8 T 2 a
_ = - — —_ = 34
where
e (Low) — A RmA lcﬁ{(e)'wm A7}
= Jpw vyRgm TJZ<9C PO 0, AT

_ (35)
A L +R,AT ) + 1 ™\ 2 + R, A
—AaTg| T - —— 7 w T.
g JP P = JQ
w = 0 is imposed at the top and bottom boundaries upon resolution of the

Helmholtz equation. This is derived from W = 0 at these boundaries.

3.5  Time splitting
a. Time splitting for vertical advection

For real-case simulations including physical processes, a strong vertical
velocity that does not satisfy the CFL condition is often computed. To
ensure computational stability, ASUCA employs a time-splitting scheme
for evaluation of vertical advection on the basis of the three-dimensional
CFL condition.

The stability condition of three-dimensional advection depends on the
advection scheme as well as the time integration scheme. The CFL condition

for the advection and time integration schemes used in ASUCA is given as,

21
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Cl S Ccrita (36)

Coorit >~ 1.25,
where, (' is the Courant number for 1D advection and C.; is the criti-
cal value for satisfying the CFL condition as is shown in Appendix C. As
described in Section 3.3, the RK3 scheme is employed in ASUCA with par-
allel splitting (Dubal et al. 2004) of advection in each direction. The CFL

condition for these specifications is

Ce + Cy + C¢ < Cit, (37)

where C¢, C), and C; are the Courant numbers in the £, 7 and ¢ directions,
respectively. As this condition can be easily violated in typhoons with
stormy horizontal winds and strong updrafts, time splitting for vertical ad-
vection is adopted. When a time step in evaluation of vertical advection
(in the ¢ direction) is divided into N substeps, the condition of Eq. (37) is

modified to

Cg + CTI + CC/N S C’crit- (38)

In the model, time splitting is applied to columns where

22
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Cg + 077 + CC Z /\Ccrit~ (39)

Here, X is a safety coefficient set as 0.95 in ASUCA.

When time splitting is invoked, RK3 for the short time step A7 is nested
in the original RK3 time integration with the time step At (Fig. 3). Note
that A7 is given independent of the short time step for the HE-VI scheme
described in Section 3.4. This involves greater computational cost, but
produces the desired higher stability. Divergence damping can be excluded
using RK3 for short time steps. This is desirable for accurate dispersion
relations in compressible equations (e.g. Gassmann and Herzog 2007).

In time splitting, horizontal and vertical advection are evaluated sequen-
tially (Dubal et al. 2004). The prognostic variables are updated using the
horizontal flux F¢ and F,, and vertical flux F; is then evaluated with the

updated variables as

o1 = g - ((,fg& + 5P )A (40)
ot =t — ((%ICH*) Ar. (41)

Sequential time splitting is advantageous for its higher computational
stability as compared to parallel splitting. However, this approach pro-

duces directional distortion because the updated value ¢"*! depends on the

23
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evaluation sequence. Accordingly, sequential splitting is used only when the

condition of Eq. (37) cannot be satisfied in order to minimize errors.

b. Time splitting for sedimentation of precipitable water substances

As sedimentation of precipitable water substances (e.g., rain, snow and
graupel) with high terminal velocity can cause computational instability,
a time-splitting method is employed. The vertical velocities of such sub-
stances are defined as the sum of the vertical velocity of air W and the
terminal velocities Wy, as determined from cloud microphysics (e.g. Gunn
and Kinzer 1949).

The time-split interval Aryq for sedimentation is dynamically deter-
mined for each column depending on the Courant number Cyq for sedimen-
tation. This number for the first time-split step at the vertical level k£ of

the column is defined as

(W + tha,k)At

L, = ,
sed,k ACk

(42)

where the overscript 1 indicates the first time-level index of the time-split
step.

The first time-split step interval A7l

<oq for the column is then determined

as

24
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At (max(Cly,) < 1)

S

Ma={ (43
(max(Cled’k) > 1).

St

maX(Csled,k)

Here, max(CL,,) is the maximum Courant number for the column and j3

is a parameter for determining time-split step set as 0.9 in ASUCA.

After time integration with A7l . the residual time step is At = At — A7l .

se

The next time-split step interval A72

24 1s determined from the Courant

number CZ2,, = (W7 + W, ) At /A, using the updated terminal veloci-

se

ties Wti’ ., and time integration with A72 is calculated. This procedure is

repeated until no residual time step is left.

3.6 Boundary conditions
a. Rayleigh damping

To prevent wave reflection at the lateral and upper boundaries, the

Rayleigh damping term

9¢
E =—-m (x,y, Z) [¢(t) - ¢ext(t)] ) (44)
is added to the time tendencies of the prognostic variables p', pu, pv,

pw,(ph,,)" and pq, near the boundaries. In Eq. (44), ¢ denotes the prog-

nostic variable at the first state of each time step (i.e., Eq. (44) is solved
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explicitly), and ¢ey is the value of the parent model providing the lat-
eral and upper boundaries in regional configurations. As the parent model
provides the boundary data with a much larger time interval and coarser
resolution than that of the model, ¢ey is interpolated in time and space
from the provided data. It should be noted that pwey = 0.

The location-based function m (z,y, z) is used to determine the 1/e-
folding time for the boundaries. The function has a maximum at the bound-

ary and decreases with subsequent grid point distance defined as

m(z,y, z) = max(my, my,, m,), (45)

where

m, = (46)

m, = (48)
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Here, d,,d, and d, are the distances from the boundaries, d;, and d,
are the distances from the lateral and upper boundaries where Rayleigh
damping is observed, and 7, and =, are parameters determining damping

strength, respectively. dy, d,, v, and =, are empirically determined.

b. Lateral flur adjustment

In regional models, changes in total mass depend on i) the source and
sink terms at the surface (i.e. evaporation and precipitation), ii) the density
change due to Rayleigh damping, and iii) inflow and outflow at the upper
and lateral boundaries as determined from the parent model covering the
regional model’s domain. As the orders of magnitude of i), ii) and iii) are
10, 10" and 10" [kg] respectively in the operational LFM, we assume i)
and ii) are negligible in relation to iii). Then, the change in total mass can

be approximated as

OM (1)
ot

= F(t), (49)

where M (t) and F(t) are the total mass in the model domain and the sum
of mass flux at the boundaries, respectively. As the parent model provides
M (t) and F(t) with a time interval much larger than that of the model, re-
gional models must compute F'(t) at each time step by interpolating bound-

ary data temporally. However, this produces an overall mass error because
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the interpolated mass flux F,(¢) differs from the parent model prediction,

l.e.:

MP(tpi1) — MP(t,) = /t"“ FP(t)dt
(50)
# > Fy(t)At.

t=tn

Here, t, and ¢, are the times at which lateral boundary data are given,
and the superscript p indicates variables predicted by the parent model.
Note that Fj(t) at each time step is computed by interpolating FP(t,,) and
FP(t,y1) temporally and spatially. If the total mass flux predicted by the
parent model FP(t) exceeds the interpolated mass flux F(t), the regional
model will predict a total mass smaller than this and, consequently, a lower
pressure field. To reduce this error, correction for mass flux at boundaries
is required in the regional model.

To ensure overall mass consistency with the parent model, regional con-
figurations of ASUCA employ flux adjustment with the value F,4(t) modi-

fying lateral inflow and outflow:

tn+1

MP (1) = MP(tn) = Y [Fy(t) + Fugy ()] At. (51)

t=tn

The adjustment does not correct mass flux at the upper boundary because

vertical velocity at the model top is assumed to be zero (Section 3.4).
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As there is no established approach for determining F(¢) and F,q(?)
which satisfy Eq. (51), ASUCA employs a method that produces smooth
M (t) values with regard to time, and calculates F,q;(t) consequently. M ()
is approximated as a sequence of polynomials M, (t) via third-order spline

interpolation as

M,y () 2 an + b (t — tn) + cn(t — 1) + dn(t — t,)°, (52)

where M, (t,) = MP(t,) and M, (t,11) = MP(t,51). an, by, ¢, and d,, are
coefficients in the interval ¢, <t < t,,; and determined via spline interpola-
tion (i.e., first and second derivatives of M, (t,) is identical to M, 11 (t,11)).

Equations. (49) and (52) give F(t) as

= by, + 2¢,(t — t,,) + 3, (t — t,)*.

F,(t) is linearly interpolated using F'(¢,) and F'(t,41), and F,q(t) is deter-

mined as

Frgi(t) = by 4 2¢,(t — t,) + 3d, (t — ) — F,(1). (54)

As ASUCA employs momentums for prognostic variables, horizontal mo-

mentum is adjusted to ensure mass consistency. To mitigate adjustment-
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related shock, horizontal momentum adjustment is applied over the whole
domain rather than only at boundaries. The value is linearly reduced de-

pending on distance from lateral boundaries as

20600 = p0.0) + (1255 ) e
h (55)
1 o 1 dy(n)

where U and V are adjusted velocities. Dx and Dy are the sizes of the
computational domain in the z- and y- directions, respectively, while dx(¢)
and dy(n) are the distances from the western and southern boundaries.

A(z,t) is the horizontal momentum adjustment defined as

_ Fug(t)  p(2)Az
A=) - 2(Syc + See) [ plz)dz

(56)

where S, and S are the areas of the sides of full model domain, p(z) is the

: : p(2)Az -
basic state density, and ToCyds |

s the mass-fraction of the discretized grid in
the vertical column. A(z,t) is formulated so that total inflow at boundaries
is equivalent to Fiq;(t) and adjustment horizontal velocity is approximately
uniform with height.

This lateral flux adjustment enables ASUCA to predict total mass and
pressure field values consistent with those of the parent model. Related

performance is described in Section 6.2.
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4. Parallel Computing

Parallel computing plays a crucial role in NWP modeling due to the
current trend of supercomputer architecture toward massively parallel pro-
cessing. To achieve high computational efficiency on massive parallel scalar
computers, ASUCA employs hybrid parallelization using the OpenMP inter-
face for shared memory parallelization and the MPI for distributed memory
parallelization.

The three-dimensional arrays are allocated so that the vertical z is the
stride-one innermost dimension to make the z- loop contiguous in the mem-
ory address, enabling ASUCA to make effective use of the CPU cache. This
is also beneficial for code management, as physics schemes, which are gen-
erally designed as single-column models (Moncrieff et al. 1997), can be
easily implemented in the model. Calculations of physical process schemes
at different columns are essentially independent, meaning that OpenMP
parallelization can be applied for horizontal loops.

The model domain is split into horizontally two-dimensional sub-domains,
and each decomposed sub-domain is assigned to one of the MPI processes
(Aranami and Ishida 2004). The OpenMP interface is used for paralleliza-
tion inside the sub-domains. OpenMP threads are applied to loops for the
y-direction, and in some horizontal loops, the x- and y-loops are fused to

increase loop length such that load imbalance between threads is minimized.
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The sub-domains have halo regions that are exchanged with immedi-
ately adjacent MPI processes. As MPI communication and file I/O are
time-consuming operations with the current supercomputer architecture,
two types of overlapping are used in the model to significantly improve
computational efficiency. One is overlapping of halo exchanges with com-
putation (Cats et al. 2008) to minimize the overhead of communication
between MPI processes. The OpenMP interface is also used for this oper-
ation; while one thread calls a MPI function to exchange data in the halo
region with another MPI process, the other threads simultaneously exe-
cute computation in the inner region. The other technique involves an 1/0O
server approach to overlap file I/O with computation. Figure 4 illustrates
a schematic diagram of the I/O server approach. In this method, certain
MPI processes are dedicated to file I/O. While computation continues, ded-
icated 1/O processes read data from disks and send them to the relevant
computational processes. When output is required, the processes save the
data in a dedicated buffer to invoke send operation and immediately con-
tinue computation. I1/O processes receive the data and output them to the
disk. In this approach, computation and disk I/O are asynchronously pro-
cessed. It is advantageous for hiding disk I/O latency because disk 1/0 is
a time consuming process. The optimum number of I/O ranks depends on

calculation amount, frequency of disk I/O, and computer architecture.
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Single-Instruction Multi-Data (SIMD) vectorization is applied to the in-
nermost z- direction. However, this is not applicable for z-loops that have
loop-carried dependency, such as the ordinary tri-diagonal matrix solver
used in the vertical implicit solver for HE-VI (section 3.4), due to verti-
cal dependency. To remedy the issue, the Ends Toward Center scheme
(Samukawa 2001) is employed for better use of SIMD in the tri-diagonal
matrix solver. This contributes to optimization of the model because this
calculation is required at every short time step in the HE-VI scheme.

The parallel efficiency of ASUCA is shown in Fig.5 for the configuration
of the operational LEM. In this experiment, a 10-hour forecast with 1,581 x
1,301 grid points in the horizontal and 58 layers in the vertical was produced
with total input/output data sizes of 97 and 17 GB, respectively. Figure
5 shows the ideal and measured acceleration ratios from JMA’s current
supercomputer system Cray XC50 on which each of nodes is equipped with
two Intel Xeon Platium 8160 processors with a clock frequency of 2.1GHz
and 24 cores per processors (JMA 2019a). The horizontal axis represents
the number of CPU cores. There are 8 OpenMP threads up to 14,400 cores
while 12, 16 and 24 threads are used for 19,200 and 28,800, 24,000, and
38,400 and 48,000 cores, respectively. The model demonstrates more than
50% of ideal scalability up to 24,000 cores even though full-size output to

the disk in operational LFM configuration is included in the elapsed time.
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5. Physical Processes

Physical process schemes are implemented via the independent Physics
Library of the ASUCA dynamical core (Hara et al. 2012). The library is a
group of various subroutines related to physical process schemes, and pro-
vides a common interface based on the unified coding rules. Physical process
schemes in the library are designed as the vertical one-dimensional models
independently of the horizontal grids. This enables the constitution of a
single-column model for unit testing and comparison of parameterization
schemes. The coding policy is also suitable for modern scalar computers
because an improved cache hit rate is crucial for processing speed.

The Physics Library is utilized in the procedures described here. Model
variables are converted to variables required as arguments for subroutines
implemented in the library. For instance, if the velocity u is required in the
library, u is calculated from p and pu which are the prognostic variables of
ASUCA. The subroutine in the library calculates and returns the tendency
of u, which is then converted to the tendency of the model variable pu.
Subroutines implemented in the library are not used to directly update
prognostic variables. Hence, an NWP model can call a subroutine in a
common style regardless of how it is implemented. These rules contribute
to efficient updating of the physical process schemes applied to ASUCA.

The physical process schemes are regularly updated in operational use.
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Those used in the LFM since March 2021 are summarized in Table 1, and
the schemes are detailed in JMA (2019b). The surface scheme employs
a tiled approach in which area fractions of different surface types such as
land and sea are given in the same grid. Turbulent fluxes for all tiles are
calculated, and a grid point value of these fluxes is evaluated as the weighted
average in proportion to the area fraction of each tile in the grid.

Computational stability is essential for NWP model operation while a
sufficiently small time step could not be adopted for evaluating physical
processes, because calculation must finish within a certain time. To sat-
isfy these contradictory requirements, some physical process schemes (e.g.,
cloud microphysics, surface flux and boundary layer) are implicitly calcu-
lated. In cloud microphysics, processes in which change rate of a variable
is proportional to the amount of the variable itself (e.g., accretion of cloud
ice by snow; Lin et al. 1983) are solved implicitly. It should be noted that
vertical flux in the boundary layer scheme is evaluated independently of
the surface flux scheme while both must be coupled for implicit evaluation.
The Physics Library provides an implicit solver to enable coupling of the
boundary layer and the surface schemes with these schemes implemented
as separated packages.

In ASUCA, radiation, boundary layer and surface, and convection schemes

are computed using the first state of time-steps independently of each other
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(i.e., parallel splitting; Dubal et al. 2004). Microphysics is computed at
the end of time-steps sequentially to guarantee non-negative hydrometeors

while saturation adjustment is computed at every RK3 steps.

6. Validation Tests for Operational Use

6.1 Ideal experiments

Various ideal experiments were conducted to validate basic ASUCA dy-
namics performance. Ishida et al.(2010) reported the results of experiments
for non-hydrostatic inertia gravity waves as originally proposed by Ska-
marock and Klemp(1994), and for non-linear density current with the re-
sults obtained by Straka et al.(1993) referenced as a benchmark. The results
of ideal mountain wave and rising thermal simulation tests are presented

below in comparison with the JMA-NHM outcomes.

a. Mountain wave tests

ASUCA simulation provided better results than the JMA-NHM in a two-
dimensional linear non-hydrostatic mountain wave test as per the “Standard
Test Set for Non-hydrostatic Dynamical Cores of NWP Models” (Skamarock
et al. 2004), which enables evaluation of simulated non-hydrostatic topo-
graphic flows based on comparison to the analytic solution.

Uniform flow with a constant wind speed of 10 ms~! and a Brunt-Vaisila
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frequency of 0.01 s~! over mountainous terrain were considered. The moun-

tain profile, h(x), was given as

h(z) = h)(1 + (z/a)?), (57)

where ¢ = 2 km and h = 1 m. The computational domain size was 144 km
horizontally and 30 km vertically, with the grid spacings of 400 and 250 m,
respectively. The mountain is located at the center of the horizontal domain.
Cyclic boundary conditions for the lateral boundaries were assumed, and
Rayleigh damping was used for the top 6 km layers to relax the state back to
the initial field to reduce the artificial reflection of gravity-wave. Time-step
intervals of 3 and 1 s were used for ASUCA and the JMA-NHM, respectively.

Figure 6 shows the analytic solution and the simulation results from
ASUCA and the JMA-NHM. Note that the effect of Rayleigh damping does
not appear in Fig. 6 as the displayed domain is lower 12 km of the com-
putational domain. The difference between the mountain wave simulated
by ASUCA and the related analytical solution is smaller than that of the
JMA-NHM. The normalized L2 norm of the error in the vertical velocity
from the analytic solution for ASUCA and JMA-NHM results are 0.192 and
0.477, respectively. Note that the error in ASUCA is smaller than that in
the JMA-NHM even though the time-step interval used in ASUCA is three

times larger in this experiment.
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b. Rising thermal simulation

Numerical simulation for a rising thermal in a uniform horizontal flow in

a two-dimensional adiabatic atmosphere, based on Wicker and Skamarock(1998),

was carried out to evaluate basic performance for idealized convection and
advection. The grid spacing is 125 m in both the z- and z-directions, and the
computational domain is 20 km wide and 10 km deep. The initial thermal
(diameter: 4 km) is placed at a height of 2 km with a potential temperature
of 2 K higher than the surrounding environment and neutral stratification.

1 and integrated for

The test imposes a uniform horizontal flow of 20 ms™
1000 s, so that the thermal is laterally advected in a horizontally periodic
domain and should be located in the center of the horizontal domain. A
time-step interval of 2 s is used for ASUCA, while a 1 s time interval is used
for the JMA-NHM because serious deterioration in simulation is produced
with a 2 s interval.

Figure 7 shows the results for ASUCA and the JMA-NHM. The po-
tential temperature and vertical velocity fields with ASUCA are symmet-
rical, while the potential temperature field with the JMA-NHM is much
less symmetrical and the vertical velocity field is distorted and dispersive.
The asymmetric result produced by JMA-NHM is mainly due to its fourth-

order advection and leapfrog time integration scheme, as shown by Wicker

and Skamarock(1998). The normalized L2 norm of the error in the vertical
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velocity, using the results from each model simulation with no horizontal
flow as the benchmark, are 0.189 for ASUCA and 0.236 for JMA-NHM,

respectively.

6.2 Performance as an operational NWP

This section compares the performance of the ASUCA-LFM (the 2 km-
resolution operational regional model) to that of the NHM-LFM (Aranami
et al. 2015).

A simulation involving Karman vortex streets, which often form down-
wind of islands during the cold-air outbreaks in winter, is presented here
as an example of favorable representation using ASUCA dynamics. In Fig.
8, the ASUCA-LFM appears to reproduce the phenomenon better than the
NHM-LEM. The JMA-NHM with numerical diffusion coefficients weaker
than those of operational configuration could reproduce the Karman vor-
texes streets. However, these weakened values frequently cause computa-
tional instability.

In regional models, the predicted synoptic-scale pressure field should be
consistent with that prescribed as the lateral boundary condition. Figure
9 shows differences in sea level pressure forecasts between the LFM and
the external model (MSM) providing the boundary condition for 1200 UTC

on 25 Dec. 2012. The ASUCA-LFM (left) follows MSM prediction at
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the synoptic-scale, while the local pattern differs due to differences in their
prediction properties. However, the synoptic-scale pressure field determined
from the NHM-LFM (right) deviates from the prediction of the MSM. This
superior consistency mainly comes from improved total mass conservation
in the ASUCA-LFM. The lateral boundaries control the net mass flux of
the model domain, and consequently control the synoptic-scale pressure
field. ASUCA explicitly calculates mass inflow and outflow because density
is directly integrated as a prognostic variable. Accordingly, mass change
across the entire domain coincides exactly with the total mass change due
to inflow and outflow imposed at the region boundaries, source and sink
at the surface, and density change by Rayleigh damping. However, the
NHM-LFM, in which pressure is a prognostic variable, does not readily
conserve total mass because errors are inevitable in evaluating density from
the equation of state.

The ASUCA-LFM also achieved higher NWP performance including
quantitative precipitation forecast (QPF) accuracy than NHM-LFM (Fig.
10). It should be noted that the QPF change is attributed to the updates
of physical process schemes as well as the dynamical core itself. As it was
also confirmed that ASUCA-LFM had better performance in terms of con-
sistency with ground-based and radiosonde observations, ASUCA replaced

JMA-NHM as the LFM in 2015, and the MSM in 2017 subsequently.
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7. Future Plans

As described in Section 1, development of the new non-hydrostatic nu-
merical model ASUCA was begun in 2007. The model is designed to ensure
accuracy for NWP model, maintainability of components including physical
processes and the data assimilation system and code structure suitable for
future supercomputer architectures toward the establishment of a long-term
operational forecasting infrastructure with a new-generation NWP model.
ASUCA replaced the previous regional NWP model JMA-NHM (Saito et al.
2006), in 2015 as the LFM with 2 km resolution and in 2017 as the MSM
with 5 km resolution. The ASUCA-based Mesoscale Ensemble Prediction
System (Ono et al. 2021) has been in operation since 2019 and the ASUCA-
based 4D-Var system (Ikuta et al. 2021), which is an outcome of relational
developments, has been used to provide initial MSM fields since 2020. We
close this paper with some ongoing development of ASUCA.

Increases of computational power in the future enable us to operate a
regional NWP with higher model resolution and a wider forecast region,
which could contribute to improving forecasts of severe weather. However,
this may also give rise to new issues to be addressed in the improvement of
high-resolution model accuracy.

While numerical models start to partly resolve cumulus convection with

increased resolution, unresolved motions still remain to be parameterized
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due to the incompleteness of the motions resolved in the model. As assump-
tions made in conventional parameterization schemes are also often violated
in such a regime, new parameterization schemes suitable for partially unre-
solved processes are required. This is known as the gray zone problem, and
has recently drawn attention in the fields of research on cumulus convec-
tion (e.g., Arakawa and Wu 2013) and boundary layer turbulence (Honnert
et al. 2020). It should be emphasized that the improvement of dynamical
processes is even more important than ever in the gray zone as resolved part,
which is represented by dynamical processes, increases at higher resolution.

The utilization of Koren’s flux limiter enables the elimination of an ex-
plicit numerical filter and only advection scheme involves diffusion which
highly depends on wind speed and direction (i.e. acting only in the wind-
ward direction). This results in overly frequent prediction of intense vertical
velocity because diffusion relating to horizontal advection is relatively small
in such situations. Accordingly, parameterization of horizontal diffusion
with physical consideration may be necessary.

Some recent convection schemes (e.g., Kuell et al. 2007; Malardel and
Bechtold 2019) relax the conventional assumption that the change of den-
sity by convection is negligible (i.e., environmental subsidence cancels the
convective mass fluxes). The coupling of such physics schemes with the cur-

rent dynamical core is a significant challenge because terms evaluated by
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those schemes relate to sound waves and their implementation may require
the modification of the HE-VI scheme.

A numerical model with higher spatial resolution can also resolve smaller
scales of topography, whose favorable representation is known to help im-
prove model performance (Kanehama et al. 2019; Sandu et al. 2019).
For instance, local circulation and precipitation processes derived from the
topography can be more accurate. However, finer topographical represen-
tations incorporating steep slopes can significantly distort the shape of the
control volume and affect numerical stability because the vertical axis in
the terrain-following coordinate is restricted to the direction of gravity in
the current configuration.

Steeper terrain can also cause significant pressure gradient force errors.
In slope-containing grids, evaluation of horizontal pressure gradient force
requires consideration of the vertical pressure gradient in generalized coor-
dinates as per Egs. (10) and (11). As the centered difference is used for
the vertical pressure gradient, pressure is linearly interpolated using sur-
rounding pressure values. Linear vertical interpolation of pressure creates
larger discretization errors for steeper slopes because pressure changes with
height are almost exponential. Modification of pressure gradient force com-
putation via the interpolation of pressure to a constant height for adjacent

columns (e.g., Klemp 2011) may reduce such errors. However, this requires
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further consideration in future work.

The currently operational non-hydrostatic model ASUCA has improved
NWP accuracy for heavy rain and typhoons as well as contributing to a
better understanding of extreme weather conditions around Japan and Asia.
Ongoing development of the model is expected to improve NWP accuracy

even more.

A. List of symbols

Symbols used in this paper are listed below in alphabetical order. The
subscript a refers to dry air, water vapor, cloud water, cloud ice, rain, snow,
and graupel for d,v,c, 7,7, s and g respectively. Cartesian coordinates and

generalized coordinates are referred to as (x,y, z) and (£, 7, (), respectively.

A momentum flux adjustment

15} parameter for determining sedimentation short time step

C Courant number
Ceqa  Courant number for sedimentation

C,  specific heat capacity of dry air at constant pressure

C, specific heat capacity of dry air at constant volume

dp,  arbitrary parameter for determination of damping zone width from lateral boundaries
d,  arbitrary parameter for determination of damping layer thickness from upper boundary
d, z-direction distance from lateral boundaries
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Fpe'm

Th

Yo

y-direction distance from lateral boundaries

z-direction distance from upper boundary

x-direction size of computational domain

y-direction size of computational domain

ratio of gas constants for dry air and water vapor (R;/R,)

Coriolis parameter

fluxes of prognostic variables

mass flux from lateral boundaries

mass flux interpolated temporally from lateral boundaries

source, sink, and sub-grid transport term of total mass density

source, sink, and sub-grid transport term of density of «

source, sink, and sub-grid transport term of pf,,

source, sink, and sub-grid transport term of momentum for z-direction

source, sink, and sub-grid transport term of momentum for y-direction

source, sink, and sub-grid transport term of momentum for z-direction

gravity acceleration

ratio of specific heat capacities for dry air at constant pressure and volume (C,/C,)
arbitrary parameter for determination of damping strength at lateral boundaries
arbitrary parameter for determination of damping strength at upper boundary
curvature of map factors

Jacobian of coordinate transformation from Cartesian to generalized coordinates
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nx

ny

o
Qo

Pa
Po
Ry

location-based function for determination of damping strength at lateral and/or upper boundari
damping strength at z-direction lateral boundaries

damping strength at y-direction lateral boundaries

damping strength at upper boundary
map factor for z-direction

map factor for y-direction

grid points number in z-direction

grid points number in y-direction
w-direction momentum at short time step
pressure

reference pressure

scalar variable

flux limiter function

Exner function

density ratio of water substance a for total mass density

diabatic heating by physical processes
total mass density

density of category a

total density of dry air and water substances assumed to have zero terminal velocity

gas constant for dry air

gas constant for water vapor
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L

=
g

At

AT

ATsed

term defined in Eq. (35)

term defined in Eq. (30)

term defined in Eq. (30)

z-direction momentum tendency terms solved with long time step
y-direction momentum tendency terms solved with long time step
w-direction momentum tendency terms solved with long time step
smoothness parameter for determination of flux limiter value

time

full model time step

time at Runge-Kutta step

short time step for determination of acoustic and gravity wave modes
time-split step for sedimentation

potential temperature

modified moist potential temperature

velocity component in z-direction

velocity component in ¢-direction

velocity component in y-direction

velocity component in n-direction

velocity component in z-direction

velocity component in (-direction

terminal fall velocity of water substance «
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zs  surface height

zr  model top height

607 Subscripts and superscripts

().  partial differential of () with respect to x

~—
<

partial differential of () with respect to y

—~ —~
~—
83

partial differential of () with respect to z

_) basic state satisfying hydrostatic equilibrium

~~

) deviation from basic state

() value at time step

07 values at Runge-Kutta steps
()72 values at HE-VI short time steps

9 generalized coordinate momentum in HE-VI short time steps

s B. Map projection and vertical coordinates in the op-

699 erational models

700 The details of map projection and the vertical coordinates employed in
700 the LFM and MSM, which are operational regional NWP with 2 km and
702 5 km resolutions respectively, are presented here.

703 ASUCA employs the Lambert conformal map projection. The map fac-
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708

709

710

711

712

713

714

715

tors my and my (for the x and y directions) here are given by

cos “1 /1 +sin “
COS (1 1 +sing
tan <z — ﬂ)
a=In (Cowl) /ln a0 (59)
COS (o t <_ _ _)
an{, —
where ¢ is latitude, and ¢p; = 30° and ¢y = 60° are used as standard

parallels in the operational models.

The hybrid terrain-following vertical coordinate (Ishida 2007) is adopted
to reduce the influences of topography with height. Since the horizontal
pressure gradient term and the horizontal advection term are split into hor-
izontal and vertical derivatives with non-flat coordinates, and the vertical
grid spacing of NWP models is generally larger in the upper atmosphere,
reduction of errors associated with related difference calculation is advan-

tageous. The vertical coordinate ( is transformed using

2=+ zh(C), (60)

where z is height above sea level and z; is ground height. The function h (¢)

is given by
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727

728

729

-G, G

h(¢) = N b= (61)
b+ (—) 1-2 (—)

27 27
where zr is the model top. 2z, and n are parameters characterizing the
influence of terrain; z. is the height at which the center of the transition,
between the terrain-following coordinate and the flat coordinate, is located,
and n determines the varying rate of the transition. z. = 7000m and n = 3
are employed in the LFM and MSM. Figure 11 shows the model levels over
idealized mountain in the hybrid terrain-following coordinate in contrast to
the basic terrain-following coordinate (Gal-Chen and Somerville 1975). The
hybrid terrain-following coordinate is identical to the terrain-following and
flat coordinate at z = 2z, and z = zp, respectively, and the two coordinates

are smoothly connected.

C. CFL condition for the advection with the Koren

flux limiter and RK3 scheme

The one-dimensional advection equation with a uniform velocity u(> 0)
is considered as follows:
of _ of
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735

736

737

738

739

740

741

The spatial direction is discretized with the grid spacing Az = 27/N (N:

the number of grid cells). We assume the following solution in Eq. (62):

fz,t) = f(t)e*, k=0,1,---,N/2. (63)

The advection term is approximated by the first- or third-order upwind
difference in the Koren flux limiter. The spatial derivative at the j-th grid

using Eq. (63) is represented as

OF | -y 1—eikde
2| = Ay - = Ar D (64)

j
for the first-order upwind difference. Substituting Eq. (64) into (62) yields

df_ u —ikAx
= FAr 1) f. (65)

In the third-order Runge-Kutta time integration, Eq. (65) is stable if

M =4 24+ 2224 226 <1, 2= Ci(e” AT — 1), (66)

is satisfied for 0 < kAx < w. Here, the superscript n denotes the n-th
timestep and C; = uAt/Ax is the Courant number. Solving Eq. (66)
numerically, we can obtain the CFL condition C; < 1.25 for the first-order
upwind difference.

The spatial derivative for the third-order upwind difference is written as
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8_f ~ 2fj01 +3f; —6f;o1 + fjo  2eWAT 43 — geihAT 4 o~2ikAT i
dx| 6Ax - 6Ax .
J
(67)

The CFL condition € < 1.61 for the third-order upwind difference can be
obtained by the similar procedure. This value coincides with that by Wicker
and Skamarock(2002). Because the critical value of C for the first-order
is smaller than that for the third-order, C; < 1.25 should be chosen as the

CFL condition for the Koren flux limiter.
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dashed, dotted and solid black lines indicate the exact solution, first order,
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Fig. 3: (a) Original RK3 scheme, and (b) RK3 with time splitting. Circled
numbers correspond to each RK3 stage. The third stage is split into two
sub-steps in (b).
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Fig. 4: Schematic diagram of I/O server approach for (a) reading data from
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calculation ranks and writing data to disks. The computation and disk I/O
are simultaneously executed in calculation and I/O ranks, respectively.
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Fig. 5: Acceleration ratio determined with JMA’s supercomputer system in
operational LFM configuration. The dashed line shows the ideal accelera-
tion ratio. The horizontal axis represents the number of CPU cores, and

the vertical axis represents the acceleration ratio compared to speed with
480 cores.
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Fig. 6: Vertical velocity for mountain wave testing of (top) analytic solution,
(middle) ASUCA simulation result after 9000 s, and (bottom) the JMA-
NHM. Lower 12 km in vertical and 48 km (60 km-108km) in horizontal part
of the computational domain is displayed. Contour interval is 6.0 x 10™* m
s7L.
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Fig. 7: Results for rising thermal in a uniform horizontal flow testing sim-
ulated using (top) ASUCA and (bottom) the JMA-NHM. The panels on
the left and right show potential temperature (contour interval 0.25 K) and
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vertical velocity (contour interval 1.5 ms™!), respectively.
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Fig. 8: (a) Visible satellite imagery from 0530 UTC on 9 Jan. 2015. Cloud
fraction at low level simulated using (b) ASUCA-LFM and (¢) NHM-LFM
with a 5.5-hour lead time and an initial time of 0000 UTC on 9 Jan. 2015.
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Fig. 9: Sea level pressure simulated using (a) ASUCA-LFM and (b) NHM-
LFM. Black and red contours indicate sea level pressure [hPa] in the LEM
with a 9-hour lead time and an initial time of 0300 UTC on 25 Dec. 2012
and the MSM with a 12-hour lead time and an initial time of 0000 UTC on
25 Dec. 2012, respectively. Shading represents sea level pressure differences
between the LEFM and the MSM.
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Fig. 10: The threat score (TS; left) and the bias score (BI; right) for 1
hour precipitation accumulation with ASUCA-LFM(red) and NHM-LFM
(blue), for a threshold of 1 mm/hour. The forecasts are verified against the
Radar/Rainguage-Analyzed Precipitation, which is operationally produced
by JMA, for summer season in 2012. TS measures the fraction of observed
and /or forecast events that were correctly forecasted, and the accuracy of
forecasts is higher as TS approaches to the maximum value of unity. BI
measures the frequency correspondence between forecast and observation
events. If Bl is larger (smaller) than unity, the frequency of events is over-
estimated (underestimated).
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The model layers on the LFM configuration

20000 A

height[m]

Fig. 11: The model vertical half-levels in the hybrid terrain-following (left)
and classical terrain-following (right) coordinates over idealized mountain
with the maximum height of 2000m. Every five layers are highlighted with
thick lines. The LFM configuration is used for the coordinate parameters
and the model top.
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Table 1: Physical process schemes used in the LFM operated since March

2021.
Process Scheme
Radiation Short wave: two-stream with delta-Eddington approximation

Boundary layer
Surface flux

Soil

Convection
Cloud microphysics

(evaluated every 15 minutes) (Joseph et al. 1976; Coakley et al. 1983)

Long wave: two-stream absorption approximation

(evaluated every 15 minutes) (Yabu 2013)

Mellor-Yamada-Nakanishi-Niino Level-3 scheme (Nakanishi and Niino 2009)
Monin-Obukhov similarity theory with stability function

(Beljaars and Holtslag 1991; Gryanik et al. 2020)

Ground temperature prediction using an eight-layer ground model

(Noilhan and Planton 1989)

Kain-Fritsch convection scheme (Kain 2004; Kain and Fritsch 1990)

Single moment, three-ice bulk method (Lin et al. 1983; Ikawa and Saito 1991)
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