Chapter 3

Numerical Weather Prediction Models

3.1 Summary

JMA operates NWP models to meet various kinds of requirements on weather forecasting. The suite of the
NWP models covers a wide temporal range of forecast periods from a few hours to two seasons providing a
seamless sequence of products for the public.

The Global Spectral Model (GSM) produces 84-hour forecast four times a day (00, 06, 12, 18 UTC) to
support the o cial short-range forecasting (day 3) and to provide the lateral boundary conditions for the Meso-
Scale Model (MSM). The GSM forecast at 12 UTC is extended to 11 days to support ttial @ne-week
forecasting.

Four ensemble prediction systems are in operation. The one-week ensemble forecast is performed with 51
ensemble members every day at 12 UTC supporting theial one-week forecasting. The typhoon ensemble
forecast with 11 ensemble members runs four times a day (00, 06, 12 and 18 UTC) when typhoons exist or are
expected to form or to come in the western-north Paci c. The model produces 132-hour forecast and supports
activities of the RSMC Tokyo-Typhoon Center. The one-month ensemble forecast with 50 members is carried
out once a week (every Wednesday and Thursday) to support ttialamne-month forecasting, which is issued
on Friday. The two-week ensemble forecast is also executed to support early warning information on extreme
weather on every Sunday and Monday using the one-month ensemble forecast system. The seasonal ensemble
forecast using an atmosphere-ocean coupled model with 51 members is carried out once a month to support
the o cial seasonal forecasting.

MSM is executed eight times a day (00, 03, 06, 09, 12, 15, 18 and 21 UTC). It produces 15-hour forecast
from 00, 06, 12 and 18 UTC and 33-hour forecast from 03, 09, 15, 21 UTC, to support the very short-range
forecasting and the aviation services. It provides the lateral boundary conditions for the Local Forecast Model
(LFM).

LFM produces 9-hour forecast eight times a day (00, 03, 06, 09, 12, 15, 18 and 21 UTC) and supports the
weather information regarding to severe weather disturbances and aviation services around Tokyo International
Airport.

JMA also operates a global atmospheric transport model to support the RSMC for Emergency Response
activities. The model stands ready to run anytime when an environmental emergency situation occurs.

JMA operates three kinds of Chemical Transport Models (CTMs). The Aerosol CTM produces 96-hour
forecast to provide Kosa (Aeolian Dust) information, the stratospheric ozone CTM produces 48-hour forecast
to support UV index information, and tropospheric-stratospheric ozone CTM produces 72-hour forecast to
support the photochemical oxidant information. These CTMs are operated once a day at 12UTC. The radiative
transfer model is also used for UV index information.

Table 3.1.1 (global) and Table 3.1.2 (regional) shows speci cations of the major NWP models respectively.
Details on the NWP models, the ensemble prediction systems, the atmospheric transport model and the chem-
ical transport models are described particularly in the following Section 3.2 - Section 3.8. The operational
veri cation procedure is explained in Section 3.9.

41



Table 3.1.1: Speci cations of the global NWP models at IMA

Global Spectral Model
(GSM)

One-week Ensemble Typhoon Ensemble
Prediction System

Prediction System

One-month Ensemble
Prediction System

(WEPS) (TEPS)
Forecast Range 84 hours (00, 06, 18UTQ) 264 hours 132 hours 17 days (12UTC; Sun & Mon)
(Initial Time) 264 hours (12UTC) (12UTC) (00,06,12,18UTC) | 34 days (12UTC; Wed & Thu)

Horizontal Grids #

(1920 60) 960

(640 48) 320

Truncation Wave # TL959 TL319 TL159
Grid Spacing 20km 55km 110km
Vertical Layers 60
Top Layer Pressure 0:1hPa
Ensemble Size - 51 [ 11 50

Perturbation Generator

Singular Vector method

Combination of BGM method and
LAF method (25 BGM and 2 initial
dates with 1 day LAF)

Perturbed Area

Globe North-Western Paci d
and Vicinities of

up to three TCs

Northern Hemisphere
and the tropics

Radiation Process

Solar (every hour)
Infrared (3 hourly)

Convective Parametarizatig

Prognostic Arakawa-Schubert

Cloud Process

Prognostic cloud water content

PBL and
Surface Fluxes

Mellor-Yamada level 2
Monin-Obukhov similarity

Gravity Wave Drag

Long wave drag
Short wave drag

Land Surface Model

Simple Biosphere (SiB)

Table 3.1.2: Speci cations of the regional NWP models at IMA

Meso-Scale Model
(MSM)

Local Forecast Model
(LFM)

Forecast Range
(Initial Time)

15 hours (00,06,12,18UT(
33 hours (03,09,15,21UT(

) 9 hours
X00,03,06,09,12,15,18,21UT

F)

Forecast Domain

East Asia

Eastern part of Japan

Map Projection

Lambert Conformal

Horizontal Grids # 721 577 551 801
Grid Spacing 5km 2km
Vertical Layers 50 60
Top Layer Height 21:8km 20:2km

Radiation Process

Solar (every 15 minutes)
Infrared (every 15 minutes)

Convective Parameterizatig

=}

Kain-Fritsch

(not used)

Cloud Process

3-ice bulk microphysics

Surface Fluxes

PBL and

Mellor-Yamada-Nakanishi-Niino level 3

Monin-Obukhov similarity

Gravity Wave Drag

(not used)
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3.2 Global Spectral Model (IMA-GSM1212)

3.2.1 Introduction

The Global Spectral Model (GSM) employs primitive equations to express resolvable motions and states of the
atmosphere. It also incorporates sophisticated parameterization schemes for physical processes. In the hori-
zontal, prognostic variables are spectrally discretized using triangular truncation at wave number 959 (TL959).
The corresponding transform grids cover aboili8@5 in both longitude and latitude. In the vertical, the
model has 60 layers up to 0.1 hPa.

JMA has operated GSM since March 1988. The model originally had a horizontal resolution of T63 and
16 vertical layers up to 10 hPa with a sigma coordinate system.

In a model upgrade implemented in November 1989, the truncation wave number and the number of vertical
layers were increased to T106 and 21, respectively, and a hybgdical coordinate system was adopted.

In March 1996, the horizontal resolution was doubled to T213 and the number of vertical layers was
increased to 30. The cumulus parameterization was changed from a Kuo scheme to a prognostic Arakawa-
Schubert scheme.

In December 1999, the physical package underwent extensive re nement. Treatment of cloud water content
as a prognostic variable was introduced, and the moist convection process was improved.

In March 2001, the number of vertical layers was increased to 40 and the vertical domain was extended
up to 0.4 hPa. The model was highly parallelized to suit massively distributed-memory parallel computer
operation.

In February 2005, the Eulerian advection scheme was replaced with a semi-Lagrangian one, and the spectral
resolution was increased from T213 (quadratic grid) to TL319 (linear grid). Incremental non-linear normal
mode initialization and vertical mode initialization were also introduced.

On 1 March, 2006, operations at 06 and 18 UTC were begun with a forecast time of 36 hours in addition
to those conducted at 00 UTC with a forecast time of 90 hours and 12 UTC with a forecast time of 216 hours.

On 21 November, 2007, the horizontal resolution of GSM was enhanced to TL959, while the number of
vertical layers was increased to 60 and the vertical domain was extended up to 0.1 hPa (lwamura and Kitagawa
2008; Nakagawa 2009). The numerical integration scheme was upgraded from the three-time-level leap-frog
scheme to a two-time-level scheme. The forecasts run at 00, 06 and 18 UTC were altered to each cover a
uniform period of 84 hours. At the same time, the 20-km-resolution Regional Spectral Model (RSM) and the
24-km-resolution Typhoon Model (TYM) were retired from operational use.

On 5 August, 2008, a reduced Gaussian grid was incorporated into GSM as a hew dynamical core. This re-
moved redundant grid points at higher latitudes, thereby saving on computational resources (Miyamoto 2006).
Incremental non-linear normal mode initialization and vertical mode initialization were eliminated.

On 18 December, 2012, a relative humidity threshold was introduced to the diagnostic stratocumulus
scheme.

In March 2013, the coverage period of the forecast run at 12 UTC was extended from 216 hours to 264
hours.

3.2.2 Dynamics

The GSM is based on the framework of a semi-implicit semi-Lagrangian global model. In order to overcome
the general shortcomings of semi-Lagrangian models (such as the lack of conservation properties and the high
computational cost of three-dimensional interpolations), a vertically conservative semi-Lagrangian scheme is
adopted for the GSM.

3.2.2.1 Governing Equations

The GSM is run on an vertical coordinate system, which is a hybrid between pressared ( = p=ps,
whereps is surface pressure), implicitly de ned gs= A( ) + B( )ps. The prognostic variables (wind vector
u = (u; v), temperaturd’, pressurep, speci ¢ humidity g and cloud water contemy) follow the system of
primitive equations in the-coordinate system as follows:
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|
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‘L;‘:C - I!:c ! ! (3.2.4)

g%” i u% +g %’:o (3.2.5)

Here,d=dt is a total derivative and is a horizontal gradient operator. The other notations used above are
conventional:zzis the unit vertical vectofTy is the virtual temperaturd, is the Coriolis parameteRy is the
gas constant for dry air, and= Ry=Cpq. Cpq is the the speci ¢ heat capacity at the constant pressure of dry air
andC,y is the speci ¢ heat capacity at the constant pressure of water vBpdfrFFq andF¢ are tendencies
relating to parameterized processes. In additignafid F1 include the eects of horizontal diusion (to be
described later). Integrating Eqg. (3.2.5) with respect tsing the boundary conditions of= 0at = 0 and

=1, -velocity and! are found:

%’ = r u—. d®° (3.2.6)

+urp (3.2.7)

The geopotential is given by the following hydrostatic relation:

@np
@

% = RyTv (3.2.8)

3.2.2.2 \Vertical Finite Di erence Scheme

The vertical nite di erence scheme is coded according to Simmons and Burridge (1981). The prognostic
variablesw) T, g andq. are de ned on the full levels, while (including vertical uxes) is de ned on half-
integer levels. Pressure on half-integer levels are expressed as

Pk 1=2 = Ax 1=2 + Bx 12Ps (k=1;2 ::: kmax (3.2.9)

Here, the level indek increases with heighkmaxis the index of the highest model levél, 1 = A( k 1=2)
andBy 1 = B( k 1=). A= IS set to zero so that the lowest level coincides with the ground surface, and
values ofBy 1 above 50hPa are set to zero so that these levels coincide with constant pressure surfaces. For
intermediate levelshx 1-» andBy 1— vary smoothly withk.

From the hydrostatic relation given by Eq. (3.2.8) the nite elience form of geopotential on the full level
is chosen as

X1 !

(= s+ RTyelh 222 Ry, (3.2.10)
Ko=1 =2
8 !
% Pr+1=2 Px 1=
1 In —— (1 k<kmax
k= § P« Pr+1=2 ( ) (3.2.11)
“In2 (k = kmax)
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Here, s is the geopotential at the surface. The pressure gradient force term in Eq. (3.2.1) and the adiabatic
heating rate term in Eq. (3.2.2) can then be written in discretized form as

1 !
(r + RyTyr Inp),=r s+§< Ryr Ty In Be 1=, KRy Tvii+ her ps
k=1 Pro+1=2
X1 B Beosio. T
e = RyTuio O 1= K12 Ry VKB 1 (3.2.12)
Ko=1 P 12 Pror1=2 Pk 1=2

and

) Ty ! # Twk 1 é P 1=2!; X é 2
= ——B8In oUg T r (u r u 3.2.13
CCoiD . CaCra v Doy 12l Ps " (w p) k(o w) Pk ( )

respectivelyC, is the speci ¢ heat capacity at the constant pressure of moist air. The vertical mass ux in Eq.
(3.2.6) is discretized as

@! Repax Rrax Regax

. Bx 1:2% » roW p=Bi2 . rouw p) . rou p (3.2.14)

3.2.2.3 Horizontal Grid

To mitigate the overconcentration of grid points at high latitudes and lower the computational cost, a reduced
Gaussian grid is adopted for the GSM. The number of east-west grid points at each latitude is determined
based on the magnitude of associated Legendre functions, which is negligibly small at high latitudes and in
high orders. With this method, the computational cost of Legendre transformation can also be reduced (Juang
2004). The number of east-west grid points is in fact restricted by FFT package speci cations, the number of
east-west decompositions in parallelization and the interval of coarser radiation grids.

3.2.2.4 Semi-implicit Semi-Lagrangian Formulation

Prior to integration, the forecast equations (Eq. (3.2.1) - Eq. (3.2.5)) are rewritten in the faipXadt =
@=@+ u r X = Rwith vertical advection terms incorporated irRmn the right-hand side. These equations
are integrated with respect to time along the trajectory of the parcel from the departur® pitinet to the
arrival pointA at timet + t. The linear term. separated from the forcing terRiis treated semi-implicitly
(i.e. using a trapezoidal rule), and the remainidgncluding vertical advection terms, are treated with spatial
averaging (Tanguagt al. 1992).

The resulting linear terms are slightly ampli ed by the factor 1:2 for computational stability, and the
following is obtained:

tRAO + RD(+) . LA+ + LD LAO + LDO#

A+ DO —
X X > > > (3.2.15)
SuperscriptA represents the arrival pointjpxassumed to be on the Gaussian grid, &ni$ the departure
point X;; (the displacement vector, whose calculation will be described later). The abbreviations used

above are the same as thoseX6t = X(x;t+ t); XP0=X(x ; t),RO=Rx;t); RPRM =RXx ;t+ t)
and othersRP™) is calculated based on extrapolation with respect to time. Rearranging the terms of the above
equations gives a system of linear equations for the unknown vftfes

" o

N .
XAY TIL‘“: x°+§t R™) Lo L t5 R L° (3.2.16)
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3.2.2.5 \Vertically Conservative Semi-Lagrangian Scheme

Yoshimura and Matsumura (2003, 2004) developed a vertically conservative semi-Lagrangian scheme in which
vertical advection is treated separately from horizontal advection so that the model preserves conservative
vertically integrated quantities such as water vapor under non-dissipative conditions. This separate treatment
also reduces the model’s cost of interpolation.

Eqg. (3.2.16) can be reformulated with ux forms appropriate for a scheme in which vertical advection can
retain conservative properties. Beginning with Eq. (3.2.5) and Eq. (3.2.1) - Eq. (3.2.4), rewriting is performed
as follows:

_ @ @
D @ @ (3.2.17)
@ DX@ X@ + RX@ (3.2.18)
@ @ @ @
Here, X representsiuTy, g andq., andRyx = dX=dt. The parallel nature of these equations is easily recog-
nizable. The rst term on the right hand side of these equations represents the increase caused by horizontal
convergence, and the second term is the increase caused by vertical ux convergence. With respect to the
latter, whereg andq. being conservative wheRy = 0, devising a vertically integrated quantity that remains
unchanged in vertical advection appears to be a promising approach. A simple outline of the procedure is given
here for speci ¢ humidityg without R,.
Vertical discretization and time integration during the periddiescribed earlier give the following equa-
tions with the omission of terms related to the semi-implicit method for reasons of simplicity:

di @
t@
X2

®le ©I®

8 ! ! 94
N 1 " 12 @ @ =
( p? =é p)° S (D PP t+Ss> = — > t%
2 27 @ e @ 12’
8 ! ! 9%
12 @ @ =
+§ _(Dk Pt s = — > t? (3.2.19)
2" @ e @ 12’
8 ! ! 9+ gy
2 =
(@ pJ™ = éQK pi)° _qk(Dk P t+ S5 @ q @ > ot
@ 1o @ y 1’
é 12 @! @;! 20 %‘
Gk Ok p)° t+5>0q — q= > t (3.2.20)
“ 2 C @ y 1’
Rpax
Pk 122 = Po;  (k=1; 2 1115 kmax) (3.2.21)
Ko=k
Here, the vertically cumulative quanti€y is de ned as follows:
Reax
Qk 12 = Qo Q=0 P (k=12 :::;kmax+ 1) (3.2.22)
ko=k

Eq. (3.2.20) rewritten for Q is found to be similar to Eq. (3.2.19) forpk, and there is a clear correspondence
betweenQ andp. Computation ofQ can therefore be carried out in the ve steps outlined below in a fashion
parallel to that ofp. The rst two steps concern the operations inside the square brackgtsip the above
equations. The third step involves the calculation of variables at departure points based on interpolation. The
fourth and the fth steps are similar to the rst two, but for the operations in the square brackifts [

1. First step: Horizontal divergence is calculated. As the mass of each lgyesmries to p‘,z, the half-
level pressure valug 1 by which layers are bound also shiftp@ 1=» Which can be computed using
Eqg. (3.2.21). The values @f remain constant under the horizontal convergeqﬁc;e Ok-
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2. Second step: Vertical ux convergence is calculated using Eq. (3.2.14) as in the Eulerian scheme. In
the same way as in the rst step,p? varies to p2? and the values of? ,_, shift to pX° 12 €Xcept
k=1 (pd, = pi%). In this step, the shift i)Y ,_, caused by the vertical ux convergence is computed
based on interpolation fro? ,_,(p? ,,) usingQX, _, = Qk 1-(p% 1:2) This procedure ensures the
conservation of the total mass-weighted mtegﬁ)%J2 Q1=2’ becausepl:2 = pOO holds and the other
values ofp°°1:2 (k = 2; 3; :::; kmaX merely have their intervals changed in the vertical column. New
values ofg’are computed usingQEOand pQPwith Eq. (3.2.22).

3. Third step: Horizontal advection is incorporated by computing)® andq,'(3 via quasi-cubic interpola-
tion.

4. Forth step: Vertical ux convergence is calculated at the arrival point via the second step.

5. Fifth step: Horizontal divergence is calculated at the arrival point via the rst step.

The time-integration off andq. is completed based on these ve steps, and that o wandps is followed
by the semi-implicit calculation shown in Eq. (3.2.16).

3.2.2.6 Departure Point Determination

The displacement vector (as yet undetermined) obeys the implicit equation

Cao 5 1+ 9+ ui)
2

which expresses that the horizontal advection during the time intetvisl related to the average of future
time-step wind value at the departure point and current time-step wind value at the arrival point (SETTLS;
Hortal 2002). To improve stability, a method based on wind integrated in a semi-Lagrangian scheme rather
than the time extrapolated wind is adopted (Yoshimura 2002). This implicit equation is solved by successive
insertions of . For the computation of these vector components, it is considered that the axes of the local coor-
dinates (. ’ ) rotate due to the spherical metric as a parcel advances along a trajectory, as is the case whenever
horizontal vector components are interpolated on a sphere. The wind at the departure point is computed from
linear interpolation except for the last third of the iteration, for which a quasi-cubic approach is used.

=t (3.2.23)

3.2.2.7 Spectral Method and Horizontal Di usion

Spectral variables (i.e. vorticity(= z r u), divergenceD(=r u), Ty and In{ps)) are expanded in terms
of spherical harmonics with triangular truncation. In accordance with the framework of the semi-Lagrangian
scheme, a linear Gaussian transformation grid is used. By solving the semi-implicit equations, horizontal
di usion and variables such as the elientials on the sphere are calculated using the spectral method (Bourke
1974; Hoskins and Simmons 1975). The remaining variadpkasdq. are de ned only on grid points.

To prevent the accumulation of small scale noise (spectral blocking), fourth-order linear horizonsabdi
is applied to , D and Ty backward and implicitly for the spectral forms in the independent step after semi-
implicit time integration:

- , 4l
= = — 2.2
@,hdl Kr e (3.2.244a)
@ . Kr 4D (3.2.24b)
o a s dy

av _ 4 _ 4

=2 = Kr*Ty ='p= Kr*Ty —'B 3.2.24
@ ., v TGP T G ()ps ( c)

Here, K is the horizontal diusion coe cient anda is the radius of the earth. Bars over variables indicate
the global average on thesurface. Angular momentum conservation does not allow the horizontasidin

47



process to work on vorticity with total wave number 1 as shown by Eq. (3.2.24a)uskoin for virtual
temperature is modi ed to work on the constant pressure surface; otherwisisjati on a declining-surface

may produce spurious mixing along steep mountain slopes. Thesidin coe cient is chosen so that the
power spectrum of enstrophy coincides with that expected based on two-dimensional turbulence theory. In
layers above 100hPa, the coeéent is gradually enhanced with height to simulate a sponge layer that absorbs
waves incident upon the upper boundary. Rayleigh friction is also implemented for layers above 50hPa.

3.2.3 Radiation

The radiative heating rate is computed as the divergence of net radiationFuxes
!

g _9@ (3.2.25)

@ rad CP @
whereg is the acceleration of gravity ari@l, the speci ¢ heat at the constant pressure of moist air.

Solving radiative transfer equation is computationally very expensive. In order to reduce computational

costs, full radiation computation is performed only every three hours for longwave and hourly for shortwave
on a coarser (reduced radiation) grid.

3.2.3.1 Longwave Radiation

The basic framework for longwave ux and cooling rate computation follows the method of &fadi(2001).
Longwave radiation is treated using the broad-band ux emissivity method for nine spectral bands shown in
Figure 3.2.1.

1
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Figure 3.2.1: Spectral regions for evaluation of broad-band transmissivity. Letters represent transmittance
calculation methods: Kk-distribution method; T: table look-up method; C: parameterization for water vapor
continuum absorption.

Assuming a non-scattering atmosphere, the net longwave radiatioR ean be given by
Zyo

F(M=C(pps) B(Ts) (mipd+ C p;p° B(TO
Ps

M dp° (3.2.26)

whereps is the surface pressurs the surface temperature, afidthe air temperature. (p; p° denotes the
band transmissivity between pressupesnd p® andB(T) the total Planck functionC (p; p) is the clear sky
fraction between pressurgsand p° derived from fractional cloud cover assuming the maximum-random cloud
overlap proposed by Geleyn and Hollingsworth (1979). Since clouds are treated as blackbodiesctikie e
cloudiness of semi-transparent cloud is given by the product of horizontal coverage and emissivity.

Band transmissivity is normalized using the Planck funct(r) for each absorber in a given spectral
region

48



Z 4
pmp’= B(To) pmp’d B (To)d (3.2.27)

whereTy is 250K. Depending on the absorber and the spectral band, band transmissivity is evaluated with three
di erent approaches: the pre-computed table look-up method (Chou and Kouvaris 19%dJijstroution

method (Arking and Grossman 1972) for line absorption, and parameterization for water vapor continuum
absorption. Gas absorption data are derived from HITRAN2000 (Rotletrelni?003) for water vapor, carbon
dioxide, ozone, methane, nitrous oxide and three CFCs. The e-type and P-type continuum absorption by water
vapor is treated after the method of Zhong and Haigh (1995) with some re nement. In order to consider
the broadening of absorption lines in tkelistribution method, the absorption coeient is adjusted using

a pressure scaling technique based on the Line-By-Line calculation. #sidity factor of 1.66 is used to
approximate integration over the direction of radiance transmission.

3.2.3.2 Shortwave Radiation

Shortwave scattering and absorption are modeled in a two-stream formulation using the delta-Eddington ap-
proximation (Josepht al. 1976; Coakleyet al. 1983). The spectrum is divided into 22 bands based on Freiden-
reich and Ramaswamy (1999), while absorption by water vapor in the near-infrared region is based on Briegleb
(1992). Assuming a plane parallel atmosphere, thaisk radiance is governed by the following radiative
transfer equation:

Z ., !

di o PG9IG °)d°+!7°Sop(; oexp — (3.2.28)

— 4+ | = =
d 2
where is the optical thicknesd, ¢ the single scattering albedo, aBg the incident solar irradiance in the
direction ¢ (the cosine of the solar zenith angle). The scattering phase funxtion? de nes the probability
that radiation coming from directior® is scattered in direction. In the delta-Eddington method, the phase
function is formed as a linear expression afiith the fraction of forward-scattering pedk
!
p(: 9=2f( 9+ f) 1+32 : 0 (3.2.29)
where ( 9 is the Dirac delta function angithe asymmetry factor.
Considering an atmosphere where the fractigygy (which depends on cloud overlap assumption) is cov-
ered by clouds, the total shortwave radiation ux is given as a weighted average of the uxes in the cloudy and
clear sky fractions of the column as follows:

F = CiotalFcioudy * (1 Crotal) Felear sky (3.2.30)

The re ectance and transmittance of the cloudy and clear sky fraction of the layer are calculated as functions
of the total optical thicknesseta, the total single scattering albetlg (o and the total asymmetry factgiyay
of the layer:

total= RT gt at ¢ (3.2.31a)
+ 1 + 1
| - RT:-0aa™-0cc
* 0 total R+ gt at o (3.2.31b)
| oa a+ Qc!
Qo = 22 a0 c (3.2.31¢)

Rt*'oaat!ocec

where the subscriptg, g, a andc denote molecular Rayleigh scattering, gaseous absorption, and Mie scatter-
ing/absorption caused by aerosols and cloud droplets, respectively.

The cloud optical properties are parametrized as functions of the cloud water path CWP anddiie=e
radius of liquid droplets or ice particles as follows:
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¢ = CWP@+ b=re) (3.2.32a)

1 !g=c+dre (3.2.32b)
gc = e+ fre (3.2.32c)
where the coecientsa; :::; f are speci ed di erently for liquid droplets (Slingo 1989) and for ice particles

(Ebert and Curry 1992).

3.2.3.3 Radiatively Active Constituents

Radiatively active gases considered in the scheme are prognostic water vapor, climatological ozone, globally
uniform carbon dioxide (at 375ppmv), oxygen (at 209490ppmv), methane (at 1.75ppmv), nitrous oxide (at
0.28ppmv) and CFC-11, CFC-12 and HCFC-22 (at 0.3, 0.5, 0.2ppbv, respectively). Monthly mean concentra-
tions of ozone are speci ed by three-dimensional Chemical Transport Model calculation(see Subsection 3.8.4).
Aerosol optical depth climatology is based on total-column value from Moderate Resolution Imaging Spectro-
radiometer (MODIS) and Total Ozone Mapping Spectrometer (TOMS) observations with seasonal variation.
Other optical properties of aerosols are speci ed as continental and maritime background values without sea-
sonal variation. The eective radius of cloud liquid droplets is xed at 13 and 10 micrometers over the ocean
and land, respectively. The ective radius of ice particles depends on temperatuaad cloud ice content

IWC (Wyser 1998) as follows:

. IWC
- + 3 15 2

B= 2+10°273 T)*logi Co (3.2.33)

re = 3774+ 2033B + 37:91B° + 2:36968° (3.2.34)

where IWG is 50gm 3.

3.2.4 Cumulus Convection
3.2.4.1 Cumulus Model

An economical version of the Arakawa-Schubert scheme (Arakawa and Schubert 1974) developed by JMA is
implemented. For economical computation, two simpli cations are introduced. First, the vertical pro le of the
upward mass ux is assumed to be a linear function of heigh&s proposed by Moorthi and Suarez (1992),
inthe formof =1+ (z z), where denotes the entrainment rate agds the cloud base height. Secondly,

the mass ux at the cloud base is determined by solving a prognostic equation (Randall and Pan 1993) rather
than by applying quasi-equilibrium assumption. The cloud base level is xed near 900 hPa in the model. The
moist static energy and other thermodynamic properties of the upward mass ux at the cloud base are given by
the grid-scale values at the maximum moist static energy level below the base.

Following the concept of Arakawa and Schubert (1974), the ensembla of multiple types of cumuli is
considered. Each type is de ned by the level of the cloud top, where the updraft cloud mass loses buoyancy and
detrainment occurs. The entrainment of the environmental air mass is considered during the upward movement
of the cloud air mass. The entrainment rataf each cumulus is determined based on a no-buoyancy condition
at the cloud top. The upper limit ofis setto1 10 m .

Here it is assumed that all condensed water in the updraft is carried up to the cloud top. Part of this water
falls into the environment as rain, and the rest is detrained as cloud water. The ratio of rainwater and cloud
water changes linearly with cloud depth. Detrained cloud water is redistributed to layers where the temperature
is below freezing point.

3.2.4.2 Upward Mass Flux

The following prognostic equation is used for upward mass ux at the cloud lase
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whereA denotes the cloud work functiofy is the average of observed cloud work functions as given by Lord
and Arakawa (1980), p is the depth of model cloud top layerp. is the e ective depth of the cloud top,
and 4 is the time constant of cumulus kinetic energy decay. The pararhéteéntroduced to incorporate the
e ects of grid-scale vertical wind and convective inhibition. This is given by
! A
f=—+—+c 3.2.36
o Ao ( )
where! denotes the vertical pressure velocity at the lowest le¥etepresents the work involved in lifting
the parcel to the level of free convection, dngl Ay andc are empirically determined constants. In order to
suppress tall cumuli in dry conditions and incorporate theots of turbulence in the planetary boundary layer,
the parameter,, is de ned as follows:

(3.2.35)

|
09 RH " 03
=~ 103 ==
0:2 ' 5|0
where RH denotes the vertical mean of relative humidity between the cloud base and the cloud 1gp, and
represents the mixing length of the planetary boundary layer. The paramgtés introduced to suppress tall
cumuli with unnaturally large entrainment rates, and is de ned as
!

2.1 (3.2.38)
1 2

= max (3.2.37)

max = Min

where 1= a1=(z z), 2= a=(z ),z s the cloud top height, arey anda, are empirically determined
constants.

3.2.4.3 Convective Downdraft

The convective downdraft associated with cumulus convectiatts the environment by reducing the net
upward mass ux and detrainment from the downdraft. For reasons of economy, only one type of downdraft is
assumed, while many types are considered in the updraft scheme.

The downdratft is initiated at the level where the net upward mass ux is reduced to half of that at the cloud
base. The downdraft mass UMy at the cloud base is given by

Mg = 0:4Mg (3.2.39)

Entrainment from the environment is assumed to occur above the cloud base, while detrainment is assumed
to occur both above and below it. The entrainment and detrainment rates are set to the same constant value
above the cloud base.

3.2.4.4 Triggering Mechanism

The convective triggering mechanism proposed by Xie and Zhang (2000) known as the dynamic CAPE gener-
ation rate (DCAPE) is used in the cumulus parameterization. DCAPE is de ned as follows:

DCAPE= (CAPE(T ;q) CAPE(T;q)= t (3.2.40)

whereT is the temperaturey is the speci ¢ humidity, andT ;q ) are(T;q) plus the change caused by overall
large-scale advection over a certain time periodthe integration time step used in the model). These values
are equivalent t@T; q) just after dynamics calculation. CAPE is de ned as

z ZNB u Tv

-
CAPE= g VT

2 Fc v

dz (3.2.41)
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wherez rc andz ng are the height of the level of free convection and that of neutral buoyancy, respectively,
g is the acceleration of gravity, ani, is the virtual temperature. The superscuglenotes air parcel lifting.
Deep convection is assumed to occur only when DCAPE exceeds an empirically determined critical value.

3.2.4.5 Mid-level Convection

In the extratropics, moist convection does not always arise from the top of the planetary boundary layer. Ac-
cordingly, a mid-level convection scheme is incorporated to represent cumulus convection with its roots in the
free atmosphere. The cloud base of mid-level convection is given by the maximum moist static energy level in
the vertical column. The cloud top is de ned as the level where an air mass rising from the cloud base with a
constant entrainment rate loses buoyancy. The upward mass ux at the cloud base is given by

dMs _ A Mg

-5 3 (3.2.42)

whereA is a cloud work function.

3.2.4.6 Convective Momentum Transport

The parameterization of convective momentum transport follows the scheme proposed by Kershaw and Gre-
gory (1997) and Gregorgt al. (1997). The horizontal momentum tendency caused by convection is parame-
terized as

@V @, @, - @ -

@ @ W+ 5 MV + @ v G MgV (3.2.43)

wherev is the horizontal component of the wind vectoris the air density, ant1l, and My are upward and
downward mass uxes. The overbars denote the average over the horizontal grid, and the supgddcript
denotes a contribution from the convective upward (downward) domain. Entrainment and detrainment are
assumed to occur between the cloud base and the cloud top.

3.2.4.7 E ects on Large-scale Tendencies

The e ects of cumulus convection on large-scale tendencies are calculated using large-scale budget equations.
The major contributions of such convection are made through 1) compensating downward motion, 2) detrain-
ment of moisture from updraft at the cloud top, 3) detrainment from convective downdraft, and 4) convective
momentum transport.

3.2.5 Clouds and Large-scale Precipitation

Clouds are prognostically determined in a fashion similar to that proposed by Smith (1990). The simple sta-
tistical approach proposed by Sommeria and Dear®®77) is adopted for the calculation of cloud amounts
and their water content. In each grid box, the total water content (water vapor and cloud water) and the liquid
water temperature are assumed to vary due to unresolved atmospheric uctuations with uniform probability
distribution. The cloud fractiof is given by the part of the grid box where the total water conggrexceeds

the saturation speci ¢ humiditys:

:anw 0s(TL) + ow

C 3.2.44a
2 ( )
=+ (3.2.44b)
1+ L @s
Co @ T=T,

wherel is the latent heat of condensatidly, is the speci ¢ heat at constant pressure, is the maximum
local deviation from the grid-box mean total water con@ptandT, is the liquid water temperature, de ned
as

52



T.=T Ciqc (3.2.45)
p

whereT is the temperature ar is the cloud water content. In addition to this, for the representation of marine
stratocumulus clouds, the cloud fracti@nis diagnosed using the following scheme proposed by Kawai and
Inoue (2006) when speci ¢ conditions are met:

@ !
C=120 @ 0:07 (3.2.46)
where is the potential temperature apds the pressure. Liquid (ice) cloud is assumed when the temperature
is above OC (below 15 C). Between 15 C and 0C, mixed-phase cloud is present and the mixing ratio
changes linearly with temperature.
Parameterization for the rate of conversi®from cloud water to precipitation follows the scheme proposed
by Sundqvist (1978):

8 1,9
boos =
P = co0c exps o 3 (3.2.47)

where Ecy represents a characteristic time scale for the conversion of cloud droplets into raindrog@! and
is the critical cloud water content at which the release of precipitation becomeisréd. The coalescence
process (collection of cloud droplets by raindrops falling through a cloud) and the Bergeron-Findaisen e
(enhancement of precipitation release in clouds containing a mixture of droplets and ice crystals) are modeled
following Sundgvistet al. (1989).

Based on Kessler (1969) and Tiedtke (1993), the evaporatioferftelarge-scale precipitation is param-
eterized as

E=Db

1 (3.2.48)
e

wherebis the clear-sky precipitation fraction (set &)) gs is the saturation speci ¢ humidityis the pressure,
ps is the surface pressure, aR{is the local precipitation rate. The values of constants are £ 544
10 s landPo =59 10 3kgm ?s 1. The melting process and snow sedimentation are also considered.

3.2.6 Surface Turbulent Fluxes

Surface turbulent uxes are formulated with bulk formulae following the Monin-Obukhov similarity theory:

(WA= Crjvajvs (3.2.49)
W0 Og= Chvij(1 (3.2.50)
W0 = Chivaj(dr  Gs): (3.2.51)

Herew= (u; v) represents horizontal wind,is potential temperature amgds speci ¢ humidity, and subscripts
1 and s indicate variables at the lowest level of the model grid and at the ground surface, respectively.
The bulk Richardson numb&s; is de ned as

o _9a( 1 s)
Re = TTIViE (3.2.52)

wherez is the height of the lowest level of the model grid above the ground, afslthe virtual potential
temperature.
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Using the stability functions proposed by Lowisal. (1982), the exchange coeients can be written as
follows:

Rg>0
1 + 10R|B— 1+5Rg
= § 15 # (3.2.53)
m 1 5 Rg O
1+75 m ZlJRiBJ_ZOm

h
1+ 15Rp= 1+5Rp
" # (3.2.54)
15Rs

h 1 p———— Rg O
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h= (3.2.55)

wherek is von Karman’s constant< 0:4), while zy,, and zy, are the surface momentum and heat roughness
lengths, respectively.

Over land, surface roughness lengths, = zon) are determined based on vegetation types, and areted
by snow cover. Over ocean, surface wind stress depends on oceanic waves excited by surface winds. Roughness
length and wind-induced stress are iteratively calculated in the model. Following the method of Beljaars (1995),
surface roughness lengths over ice-free ocean are determined from Charnock’s relation (Charnock 1955):

I E R
Zom = m 9
0:62

whereu (WO), s the friction velocity, is the kinematic viscosity of airg( 1:5 10 m?=s) and the
Charnock coe cient = 0:020). The surface roughness length over sea ice is xedd@ion.
3.2.7 \Vertical Turbulent Di usion

The level 2 turbulence closure scheme of Mellor and Yamada (1974) is used to represent the veustahdi
of momentum, heat and moisture. The turbulent transports are expressed as

WAP = Km% (3.2.57)
wosl = Kh% (3.2.58)
W, = Kh% (3.2.59)

wheres ( CpT + gz Lqc)is the liquid water static energy aimg( g+ q) is the total water content.
Following the mixing-length theory, the diision coe cients can be written as

Km=12 = fu(R) (3.2.60)

Kp = I? @ fn(R) (3.2.61)
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where the mixing lengthis given according to Blackadar (1962) as;

kz

The asymptotic mixing lengthy is determined from sub-grid scale orographic variances and the planetary
boundary layer depth.

The stability functiond,, and f, are given following Mellor and Yamada (1982). The gradient Richardson
numberR; is de ned after the method of Smith (1990),

( ) I
=g &, @ 9
Ri_g S@+Q@ @

where sand g are buoyancy parameters in terms of the cloud-conserved quastiteslq,, respectively.

(3.2.63)

3.2.8 Gravity Wave Drag

The parameterization for the orographic gravity wave drag consists of two components; one for long waves
(wavelength> 100km) and the other for short waves (wavelengtthOkm). The long waves are assumed to
propagate upward until reaching wave-breaking levels mainly in the stratosphere and exert drag there (type A
scheme), while short waves are always regarded as trapped and dissipated within the lower troposphere (type B
scheme). Therefore the fundamentaleltience between the two schemes appears in the vertical distribution of
the momentum deposit. The type A scheme is based on Palmaéi(1986) with some modi cations. Details
of type A and B schemes are explained in lwasslal. (1989).

In both schemes, the momentum ux excited by subgrid-scale variances of topograpfys determined

by

r=min Cgy +NeVe % j rsad =W (3.2.64)

where

2

rsat= Cow r NrVr Ve =Vy (3.2.65)

r
2FN,
Cgwis constant, air density,N Brunt-Vaisala frequencyf critical Froude numbex the intrinsic velocity
andv = jvj. The subscript denotes the reference level where the gravity wave stresses (momentum uxes)
are generated. There is a maximum of the momentum ux due to the valley blocking phenomenon, which is
caused by stagnant ow near bottoms of valleys. This phenomenon occurs when the Froude number is below
a critical value. The blocking eectively reduces the amplitudes of gravity waves. The topographic variances
2 are derived from the GTOPO30, which is®80 30°°geographical data. First, the mean elevatiag) @nd
its standard deviation () over a % 5°grid box are evaluated from GTOPO30. The standard deviation of
(hm h) in a Gaussian grid box is regarded a# the type A scheme whetedenotes the model topography,
while the average of ,, in the Gaussian grid box is regarded a& the type B scheme.
In the type A scheme, the momentum deposit is determined by the amplitude saturation hypothesis. The
gravity wave stress at th& ¢ 1=2)-th level is given by

ke12 = MiN | 1 ;j sati r:j rj (3266)
where

" I,

=Cy NV —_ v — L 3.2.67
sal o J i 2FcN Jrbo 1 ( )

is a function of the Richardson number

R = N2 g v - (3.2.68)



The wave stress of short gravity waves decreases with altitude due to nonhydrostats @g, Wurtele
et al. 1987). In the type B scheme, the wave stress is simply assumed to be a quadratic function of pressure
and to vanish around 700hPa as follows:

8
(p=ps 0:7)?
o P oo o7
(p)é (P 0:3% v (3.2.69)

-0 p=ps < 0:7
Gravity wave drag is calculated by taking a vertical convergence of gravity wave uxes as follows:

@_10@

e @ (3.2.70)

3.2.9 Land Surface Processes

The Simple Biosphere scheme (SiB) developed by Sedeed. (1986), Satcet al. (1989a) and Satet al.
(1989b) is implemented in the model. Evapotranspiration from dry leaves considerably reduces the Bowen
ratio during daylight hours. Figure 3.2.2 shows heat and water ows in the analogy of an electric circuit.

ATMOSPHERIC BOUNDARY LAYER

Figure 3.2.2: Schematic illustration of SiB. The temperaflyend the speci ¢ humidityg, of the canopy
space are related to variables at the lowest level of the model grid by the surface boundary layer scheme
(Modi ed from Sellerset al. (1986)).

The governing equations for the canopy temperalyrehe ground surface temperatufg and the deep
soil temperaturd 4 are

Cc@ = w HC EC (3.2.71)
2¢C
cg% =R Hy Eg Dg Ty Ta (3.2.72)
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%: ﬁ_si% Ta T, (3.2.73)
D

whereC is heat capacityR" is net radiationH is sensible heat is the evapotranspiration ratejs the latent
heat of evaporation of water, ang is the length of the day. The sxesc, g andd denote the canopy, the
groundground grass and the deep soil, respectiv@lyand Ty are predicted using the force-restore method
(Deardor 1978). The initial conditions of, Tq andTy are those of the rst guess, the 6-hour forecast initiated
6 hours before.

Water storage on leaves of the candgyand the ground graddy are predicted using

%C =P. D¢ Eue (3.2.74)
w
@ E
_@g = Pg Dg —9 Msn (3.2.75)
w

whereP represents precipitation over leavEsis water drainage from leaves,, is the evaporation of liquid
water on leaves,, is water density andMs is the amount of snow melt. Whély (Tg) is below the freezing
point of water,M¢ (Mg) represents ice on canopy leaves (snow water equivalent on the ground).

Soil moisture is predicted in three layers. Vegetation draws water from the soil and transfers it directly
to the air. In this relation, stomatal resistance (which depends on soil moisture, humidity and solar radiation
intensity) considerably controls transpiration. The prognostic equations used for soil moisture in each layer are
as follows:

( )
1 1
% = —5; P, Qi —Es (3.2.76)
S ( w )
1 1
% = D, Quz Q23 — Edc2+* Edg2 (3.2.77)
S ( w )
1 1
% = 1, Q23 Q3 — Edgs* Edgs (3.2.78)

whereW is the soil moisture wetness of tivth soil layer, s is soil porosity,D; is the thickness of theth

soil layer, P is in Itration of precipitation, Q;. j is the water ux caused by the derence in matric potential
between thé-th andj-th soil layers Qs is gravitational drainagéss is evaporation from bare soly; is water

drawn from thei-th soil layer by canopy transpiration, aid; is that drawn by ground grass transpiration.
The rst soil layer is the top one. The surface over ow and the gravitational drainage of water are counted as
the run-o Q, as follows:

Q=P P1+Qs (3.2.79)

where

Po = Pt  Pc+ Pg + D¢+ Dy (3.2.80)

Piotal IS total precipitation andPy is precipitation reaching the ground?; is limited due to the hydraulic
conductivity of saturated soil. The initial condition for soil moisture is based on climatological data published
by Willmott et al. (1985). Snow depth data from Snow Depth Analysis (see Section 2.8) are used to set the
initial value of snow water equivaleiy, assuming a constant snow density of 209k

SiB is connected to the surface boundary layer scheme through the temp@gatnothe speci ¢ humidity
g, of the canopy space. Roughness lengths are based on the vegetation types in the SiB scheme.
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3.2.10 Parallelization

In the GSM, Open Multiprocessing (OpenMP) is employed for shared memory parallelization, and a Message
Passing Interface (MPI) is used for distributed memory parallelization. A two-dimensional decomposition
method is adopted for parallelization among processes.

Figure 3.2.3 shows the schematic design of parallelization. There are ve computational stages in the
performance of spherical harmonic transformation and the semi-Lagrangian advection scheme, and appropriate
decompositions are selected in each stage.

At the grid stage, since all vertical levels exist in a same rank for the computation of physical processes
and non-linear terms of dynamical processes, variable arrays are decomposed into east-west and north-south
direction. North-south decomposition follows a cyclic order, and is applied in such a way that the order of
ranking is reversed alternately. This helps to mitigate load imbalances associated with physical parameteriza-
tion and the number of grid points, since their computational loads depend mainly on latitudinal zones. At the
Fourier stage, since all east-west grid points exist in a same rank for the performance of Fourier transforma-
tion, variable arrays are decomposed into north-south and vertical direction. At the Legendre stage, since all
north-south grid points exist in a same rank for the performance of Legendre transformation, variable arrays
are decomposed into vertical and longitudinal wavenumber direction. At the wavenumber stage, since all ver-
tical levels exist in a same rank for the solution of Helmholtz equations in the semi-implicit scheme, variable
arrays are decomposed into longitudinal and total wavenumber direction. Communication among these four
stages can be performed independently within each subset based on the provision of two restrictions for the
number of decompositions: 1) the number of decompositions for the east-west direction, the vertical direction
and the total wavenumber direction must be the same, and 2) the number of decompositions for the north-south
direction and the longitudinal wavenumber direction must be the same.

At the horizontal advection stage, variable arrays are decomposed into vertical and north-south direction.
To reduce the amount of communication relating to halo regions, the number of decompositions for the north-
south direction is made as small as possible. Unlike communication in the stages described above, global
communication is required for interaction between the grid stage and the horizontal advection stage.

3.2.11 Surface Boundary Conditions

Model topography is derived from GTOPO30 data, while land-sea distribution is determined in reference to
the Global Land Cover Characteristics (GLCC) database compiled by the U.S. Geological Survey (USGS) and
others. Vegetation types are based on Dorman and Sellers (1989).

Analyzed daily sea surface temperature (SST) (see Section 5.2) data and sea ice concentration (SIC) are
used as initial conditions for the sea surface in the GSM. The amount of change in these variables during the
temporal integration of the model is equivalent to the time interpolated variation in monthly climatological data
given by the NOAA OI SST (Reynolds and Smith 1994) and the climatological SIC derived using the method
of Nomura (1998). A sea area where SIC exceeds 55% is regarded as a sea ice area in the GSM.

3.2.12 Initial Conditions

The initial conditions for zonal wind, meridional wind, temperature, speci ¢ humidity and surface pressure
are provided from 4D-Var global objective analysis (see Section 2.5). The initial conditions for cloud water
content, cloud cover (for radiation), convective mass ux at cloud base, canopy temperature, ground surface
temperature and deep soil temperature are those of the rst guess. Soil moisture data in the rst step are
climatological values. The value obtained from snow depth analysis (see Section 2.8) is used to determine the
initial snow water equivalent and to adjust the initial ground surface temperature.
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Figure 3.2.3: Schematic design of the parallelization. The number of processes used is assumed to be 4 in this
example. Colors in the gure represent the rank for the computation in that area; red is rank 0, yellow is rank
1, blue is rank 2 and green is rank 3.
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3.2.13 Forecast Performance

Figure 3.2.4 shows Root Mean Square Error (RMSE) for 24, 72 and 120 hours forecast of 500hPa geopotential
height against analysis in the northern hemisphere extra-tropics. Dashed lines indicate the monthly means and
solid lines represent 13-month running means. Substantial improvements of the forecast performance are seen
at the timing of the upgrades of GSM (see Subsection 3.2.1).
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Figure 3.2.4: Root Mean Square Error of GSM 500hPa geopotential height predictions (Z500) against analysis
in the northern hemisphere extra-tropics (80 90 N). Dashed lines indicate the monthly means, and solid
lines represent 13-month running means.

The predictions of tropical cyclone (TC) track and central pressure are veri ed against the best track an-
alyzed by the RSMC Tokyo - Typhoon Center in JMA. The mean position error of TC track predictions of
GSM in the western North Paci ¢ is shown in Figure 3.2.5. Itis found that the mean position error is gradually
reduced during the period from 1996 through 2011 corresponding to the improvements of GSM, but with the
inter-annual variations of TC occurrences and so on. Figure 3.2.6 shows the bias and Root Mean Square Error
(RMSE) of central pressure predictions for 2010 and 2011. Therdinces of the performance of TC central
pressure predictions between 2010 and 2011 appear to be the inter-annual variations.
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Figure 3.2.5: Mean position error of TC track predictions of GSM in the western North Paci ¢ from 1996

to 2011. The lines represent 24 hours forecast (red), 48 hours forecast (green), and 72 hours forecast (blue),
respectively.
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Figure 3.2.6: Bias and RMSE of TC central pressure predictions of GSM in the western North Paci ¢ for 2010

and 2011. The horizontal axis is forecast time, and the vertical axis is TC central pressure. The circles and the
triangles indicate bias and RMSE, respectively.
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3.3 Ensemble Prediction Systems

3.3.1 Introduction

JMA routinely operates ensemble prediction systems (EPSs) to support forecasting work. As well as cov-
ering a wide range of prediction periods from early medium-range to seasonal forecasting, JMA's suite of
EPSs supports the issuance of ve-day tropical cyclone (TC) track forecasts. Totals of 11, 51 and 50 initial
conditions are integrated using a low-resolution version of JMA's Global Spectral Model (GSM) to produce
an ensemble of 132-hour forecasts in the Typhoon EPS, 11-day forecasts in the One-week EPS, and 34-day
forecasts in the One-month EPS, respectively. In addition, 51 initial conditions are integrated using JMA's
coupled Atmosphere-ocean General Circulation Model (CGCM) to produce an ensemble of 120-day forecasts
(covering 210 days ve times a year) in the Seasonal EPS.

3.3.2 In Operation
3.3.2.1 System Con guration

The speci cations of all IMA's operational EPSs are shown in Table 3.3.1.

Table 3.3.1: Speci cations of JMA EPSs

[ [ TyphoonEPS | One-week EPS ] One-month EPS | Seasonal EPS |
Start of operation || February 2008 March 2001 March 1996 March 2003
& [Ensemble size 11 51 50 51
® [Initial ime 00, 06,12 and 18 UTC12 UTC 12 UTC 00 UTC
D [ Forecast range 132 hours 11 days 17 days on Sundays and months
E Monday¢34 days o
Wednesdays and Thurs-
days
Model type GSM (an atmospheric general circulation model) GSM coupled with the Mete-
orological Research Institute
Community Ocean Model
o (MRI.COM) (a  coupled
B atmosphere-ocean general
£ circulation model)
2 Horizontal resolui| TL319Y reduced Gaussian grid systemTL159 reduced GaussiagrGSM: TL95 Gaussian grid
W tion roughly equivalent to 3625 0:5625 (55 | grid system roughly equiv-system roughly equivalent to
km) in latitude and longitude alent to 1125  1:125 | 1:875 1:875 (180 km)
(110 km) in latitude and MRI.COM: 1.0  1:0 in lati-
longitude tude and longitude
Vertical resolution| 60 levels (0.1 hPa) GSM: 40 levels (0.4 hPa)
o | (model top) MRI.COM: 50 levels
g Initial perturbation|| Singular vector method Combination of the breed-Combination of the BGM
@ | generator ing of growing modes method and the LAF method (9
% (BGM) method and theBGMs and 6 initial dates with
IS lagged average forecasting-day LAF)
2 (LAF) method (25 BGMs
g and 2 initial dates wit
L2 1-day LAF)
2 [Mnitial perturbed|| Northwestern Paci ¢ Globe The Northern Hemisphere (28 90 N) and
§ area (20N 60 N, 100 E the tropics (20S 20 N)
£ 180) and the vicini-
< ties of upto 3 TCs
Model  ensemble¢| Stochastic physics scheme Not introduced
method T

YTL319 is an abbreviation of spectral triangular truncation 319 with a linear grid. The spectral method is described in Subsection 3.2.2.
“The reduced Gaussian grid is described in Subsection 3.2.2.
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A low-resolution version of the GSM is used in the Typhoon EPS, the One-week EPS and the One-month
EPS. Accordingly, the dynamical framework and physical processes involved are identical to those of the GSM
(see Section 3.2) except for the horizontal resolution. Each unperturbed analysis is prepared by interpolating
the analyzed eld in global analysis (see Section 2.5). The sea surface temperature analysis value (see Section
5.2) is used as a lower boundary condition and prescribed using the persisted anomaly, which means that the
anomalies shown by analysis for the initial time are xed during the time integration. The sea ice concentration
analysis value is also prescribed using the persisted anomaly except with the One-month EPS, in which seaice
climatology is adopted as a lower boundary condition.

The CGCM (see Section 3.4) is used in the Seasonal EPS. Unperturbed analysis for this EPS is obtained
from the JMA Climate Data Assimilation System (JCDAS) (see Section 2.10) and the ocean data assimilation
system (MOVEMRI.COM-G) (see Section 5.3).

The model’s systematic bias is removed from the model results both for One-Month Forecasts and Seasonal
Forecasts. The bias is estimated in advance from the mean forecast error obtained from hindcast experiments.

3.3.2.2 Frequency

The frequency of operation dérs with each EPS as detailed below.

1. Typhoon EPS

The Typhoon EPS consists of 11 forecasts run up to four times a day from base times at 00, 06, 12 and
18 UTC with a forecast range of 132 hours. The system is operated when any of the following conditions
is satis ed:

A TC of tropical storm (T$) intensity or higher is present in the RSMC Tokyo - Typhoon Center’s
area of responsibility (060 N, 100 E 180 ).

A TC is expected to reach TS intensity or higher in the area within the next 24 hours.

A TC of TS intensity or higher is expected to move into the area within the next 24 hours.

2. One-week EPS

The One-week EPS consists of 51 forecasts run once a day from a base time at 12 UTC with a forecast
range of 11 days.

3. One-month EPS

The One-month EPS consists of 25 forecasts run four times a week on Sundays, Mondays, Wednesdays
and Thursdays from a base time at 12 UTC. The range of the forecasts run on 3Muchalgs/s is 17

days, and that of the WednesdBlyursday forecasts is 34 days. A 50-member lagged ensemble with a
forecast range of one month is used for the One-month Forecast issued on Fridays. A 50-member lagged
ensemble with a forecast range of two weeks is used for the Early Warning Information on Extreme
Weather, which is issued on Tuesdays and Fridays when a high probability of very high or very low
seven-day averaged temperatures is predicted in the week starting from ve to eight days ahead of the
date of announcement.

4. Seasonal EPS

The Seasonal EPS consists of nine forecasts run every ve days from a base time at 00 UTC with a
forecast range of seven months. A 51-member lagged ensemble is used for the Three-month Forecast
issued every month and for the Wafold Season Forecastissued ve times a year (in February, March,
April, September and October). The EPS is also used for theritl Butlook issued every month.

IA TS is de ned as a TC with maximum sustained wind speeds of 34 knots or more and less than 48 knots.
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Table 3.3.2: SV calculation speci cations

[ [ One-week EPS [ Typhoon EPS |
Resolution Spectral triangular truncation 63 (T63), 40 levels
Norm Moist total energy
Target area Northern Southern Tropics Northwestern | Vicinities of up to 3
Hemisphere| Hemisphere| (30 S 30 N) Pacic TCs in the Typhoon
(30N (90 S30 S) (20 N60 N, Center’s area of
90 N) 100 E 180) responsibility
Physical process Simpli ed physics Full physics | Simpli ed physics Full physics
Optimization time 48 hours 24 hours 24 hours 24 hours
Evolved SV Used Not used Not used
Number of perturbations 25 10 10 for each TC

3.3.3 Approach to Ensemble Initial Conditions

Two methods are employed to perturb the initial conditions for the atmosphere. One is the singular vector (SV)
method (Buizza and Palmer 1995), which is used for both the One-week EPS and the Typhoon EPS as initial
perturbation generators. The other is the breeding of growing modes (BGM) method (Toth and Kalnhay 1993,
1997), which is used for both the One-month EPS and the Seasonal EPS. The following subsections describe
the speci cations of these methods and outline how atmospheric ensemble initial conditions are generated for
each EPS.

For the Seasonal EPS, initial perturbations for the ocean are introduced in addition to those for the atmo-
sphere. These values are estimated using the ocean data assimilation system/NVROEBM-G) forced
with surface heat and momentum uxes in the atmospheric initial perturbation elds.

3.3.3.1 SV Method

Table 3.3.2 summarizes the speci cations of SV calculation for the One-week EPS and the Typhoon EPS.
The tangent-linear and adjoint models used for SV computation are lower-resolution versions of those used in
4D-Var (see Section 2.5) until October 2011. The models involve full dynamical core and physical processes
including surface uxes, vertical diusion, gravity wave drag, large-scale condensation, long-wave radiation
and deep cumulus convection. SVs based on tangent-linear and adjoint models incorporating full physical pro-
cesses are called moist SVs, while those based on models incorporating simpli ed physical processes involving
surface uxes and vertical dusion are called dry SVs.

1. SV de nition for the One-week EPS

In the One-week EPS, three targeted areas are used for SV calculation: the Northern HemispRere (30
90 N), the tropics (30S 30 N) and the Southern Hemisphere (8080 S). Dry SVs with a 48-hour
optimization time are computed for the Northern Hemisphere and the Southern Hemisphere, and moist
SVs with a 24-hour optimization time are computed for the tropics.

2. Norm of SV calculation for the One-week EPS

In the One-week EPS, the norm for evaluating the growth rate of dry and moist SVs is based on a total
energy norm that includes a speci ¢ humidity term (Barkmegeal. 2001):

R ]
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Here, &, Dx, Tx, Ox and Py are the vorticity, divergence, temperature, speci ¢ humidity and surface
pressure components of state vectoespectively, andx Ey) is an inner product of state vectorand
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y with a norm operatoE. c;, is the speci ¢ heat of dry air at a constant pressiids the latent heat of
condensation, anBy is the gas constant for dry aill, = 30&K is a reference temperatufg, = 800
hPa is a referenﬂa pressure, amgis a constant (here 0.04). dS is the horizontal integration for the

whole globe, and %’ d gives the vertical integration from the surface to the model top. In addition,

the norm at the initial time is vertically integrated with a weight that depends on the model level; the
kinetic energy term and the available potential energy term are multiplied by a facto? abt0e the

35th model level, and the speci ¢ humidity term is multiplied by a factor of 4Bove the 9th model

level. When the surface pressure is 1,000 hPa, the 35th and 9th model levels correspond to about 10
and 750 hPa, respectively. This suppresses initial perturbation around the model top and con nes initial
speci ¢ humidity perturbation in the lower troposphere.

. Generation of initial perturbations for the One-week EPS

The initial conditions of 50 perturbed members are given by adding and subtracting 25 initial pertur-
bations to unperturbed analysis. The initial perturbations are linear combinations of SVs (initial SVs)
and evolved SVs. These evolved SVs are calculated by linearly growing previous initial SVs (with an
initial time earlier than the current one by an amount equivalent to the optimization time) to the current
initial time. A total of 25 initial SVs are created for each targeted area. In this creation procedure, SVs
with extremely high growth rates (which will not grow sgiently in a nonlinear model) and SVs with

a high level of similarity to others can be eliminated. Here too, 25 evolved SVs are created for each
targeted area. Before the initial and evolved SVs are combined, the evolved ones are approximately or-
thogonalized with initial SVs and other evolved SVs, and are normalized to a size twice that of the initial
SVs. The 25 combined SVs are transformed in a variance minimum rotation (Yamagatt#009) to
generate 25 initial perturbations for each targeted area. The perturbations for the Northern Hemisphere
and the Southern Hemisphere are scaled so that their amplitudes of temperature at the 15th model level
(or the 6th model level for the tropics) inside the targeted area become 0.3 K. When the surface pressure
is 1,000 hPa, the 15th and 6th model levels correspond to about 500 and 850 hPa, respectively. Global
perturbations representing linear combinations of the perturbations for the three targeted areas are used
as initial perturbations for perturbed members.

. SV de nition for the Typhoon EPS

Two SV calculations are introduced into the system taiently capture the uncertainty of TC track
forecasts. One produces dry SVs with a spatial target area xed on the Northwestern PacNc (20

60 N, 100 E 180 ), and the other produces moist SVs whose spatial target area can be moved within
a 750-km radius of a predicted TC's position in one-day forecasting. Up to three movable areas can
be con gured for di erent TCs at one initial time. If more than three TCs are present in the area of
responsibility, three are selected in the order of concern as prioritized by the RSMC Tokyo - Typhoon
Center.

. Norm of SV calculation for the Typhoon EPS
For the Typhoon EPS, the total energy norm is de ned by:

. _ 1 1 1 1 1 g( )t
2 9 s Tr
L2 # @! 1Z ”RdT #
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Here,g is gravity acceleration, q is the dry adiabatic temperature lapse rate and% 4 IS a constant
referential temperature lapse rate. Hewg,= 1. In Eq. (3.3.2), the vertical integration of the kinetic
energy term and the available potential energy term is limited to the 26th model level, and the specic
humidity term can be limited to the 15th model level. When the surface pressure is 1,000 hPa, the
26th and 15th model levels correspond to about 100 and 500 hPa, respectively. Otherwise, as reported
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by Barkmeijeret al. (2001), SVs would have a shallow vertical structure in the upper troposphere or a
large speci ¢ humidity contribution in the upper troposphere where the amount of speci ¢ humidity is
relatively small. As such SVs have little in uence on TC track forecasts, the limit on vertical integration
is set as detailed in Eq. (3.3.2).

6. Generation of initial perturbations for the Typhoon EPS

Initial perturbations are determined by combining dry and moist SVs linearly. Each SV calculation can
produce up to 10 SVs depending on how accurate SV estimates are, which makes the maximum number
of SVs 40 (i.e., 10 dry SVs for the xed area and 30 moist SVs for 3 movable areas) for each forecast
event. Before the binding coeients are determined, SVs with structures similar to those of others
are eliminated. When the value of the inner product of any two SVs is 0.5 or more, one of them is
eliminated from the group of SV candidates to be used for initial perturbations. After this process, the
coe cients are determined based on variance minimum rotation, which creates a wide spread in the
spatial distributions of the perturbations. If no SVs are eliminated, the number of independent initial
perturbations is the same as the number of SVs computed. Five perturbations are randomly selected
from the initial perturbations and addeddobtracted from the analysis eld to produce 10 perturbed
initial conditions. The amplitude of the perturbations is normalized using the moist total energy value.

3.3.3.2 BGM Method

The processes of the BGM method with separate estimation for the Northern Hemisph&®&@26l) and

the tropics (20S 20 N), are described here. First, perturbed and unperturbed initial conditions are integrated
up to 12 hours for the Northern Hemisphere and 24 hours for the tropics. Then, #rentie between the

two elds is normalized so that the area-averaged root mean square of theedce for 500-hPa height over

the Northern Hemisphere and 200-hPa velocity potential for the tropics are equal to 14.5 and 20.0 % of the
climatological variance, respectively. Third, the normalized perturbations are orthogonalized to each other and
added to the analysis to create the next set of initial perturbations. In both the One-month EPS and the Seasonal
EPS, the Northern Hemisphere and tropical initial perturbations are combined and atddétracted from

the analysis.

3.3.4 Model Ensemble Approach

The stochastic physics scheme (Buietal. 1999) is used in the One-week EPS and the Typhoon EPS in con-
sideration of model uncertainties associated with physical parameterizations. This scheme represents random
errors associated with parameterized physical processes as follows:

@._ F)+ (55 HPX): (3.3.3)
@
Heret, x, F(x) and P(x) are the time, the set of forecast variables, the total tendency of the forecast model
and the tendency of the parameterized physical processes, respectigaly. show latitude and longitude;
(; ; t)is arandom variable described in a spectral space (Betrar 2009) featuring spatial correlation
with a total wave number of 20 and a time correlation of six hours. The averagesafet to zero. Its value is
limited to the range from -0.7 to 0.7 to avoid excess perturbation, and its value in the stratosphere is also set to
zero.

3.3.5 Performance

The performance of each EPS product is described below.

3.3.5.1 One-week EPS

The results of veri cation regarding One-week EPS output are published in the annual WMO Technical
Progress Report on the Global Data-processing and Forecasting System (GDPFS). Monthly veri cation data
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are also published on the website of the WMBS Lead Centre for EPS Veri catidn

Figure 3.3.1 shows root mean square errors (RMSESs) for the 500-hPa geopotential height ensemble mean
forecast against analysis for the Northern Hemisphere (NHN2Z® N) averaged for the periods of DJF
(DecembeidanuaryFebruary) of 2012012 and JJA (Jurduly/August) of 2012. Figure 3.3.2 compares the
monthly-averaged RMSEs of the ensemble means, unperturbed members and the spread of the ensemble. A
higher level of skill is observed for ensemble means than for deterministic forecasts, especially for longer lead
times. Figure 3.3.3 shows the Brier skill score (BSS) for 500-hPa geopotential height probabilistic forecasts
in the NH. The reference forecast for the skill score is the climatological probability given by the frequency
derived from the analysis elds for each month. Since the start of its operation, the performance of the One-
week EPS has been improved year after year in ensemble mean forecasts and probabilistic forecasts.
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Figure 3.3.1: Time-series representation of ensemble mean scores for IMA's One-week EPS (where the score
is the monthly-averaged RMSE of the ensemble mean) for Northern Hemisphekeq@0N) 500-hPa geopo-
tential height forecasts with lead times of 72, 120, 168 and 216 hours from March 2001 to August 2012. The

thick lines show 13-month running means.
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Figure 3.3.2: RMSEs for Northern Hemisphere (2®0 N) 500-hPa geopotential height forecasts of the
ensemble mean (red) and unperturbed members (green) for DJF and JJA 2012 from JMAs One-week EPS.

The spread of the ensemble (blue) is also shown.

2http://epsv.kishou.go.jp/EPSV/
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Figure 3.3.3: Time-series representation of Brier skill score for probabilistic forecasts of 500-hPa geopotential
height negative anomalies with magnitudes less than one climatological standard deviation over the Northern
Hemisphere (20N 90 N) for lead times of 72 (red), 120 (green), 168 (blue) and 216 (violet) hours from March
2001 to August 2012 from JMA's One-week EPS. The thick lines show 13-month running means.

3.3.5.2 Typhoon EPS

The results of veri cation regarding Typhoon EPS output are published in the Annual Report on Activities of
the RSMC Tokyo - Typhoon Centér

Ensemble TC tracks derived from the Typhoon EPS enable JMA forecasters to integrate TC track forecast
uncertainty into their operational processes. Strike probability data, which indicate the chances of a TC center
passing within 120 km of a grid point, are routinely produced as a form of probabilistic guidance. Figure 3.3.4
shows the reliability of typhoon strike probability data during next ve days. The curves for the previous three-
year period indicate similar levels of performance. However, the 2008 curve shows relatively high departure
from the diagonal, especially in low-probability areas where the forecast frequency is quite large.

3.3.5.3 One-month EPS

The results of prediction skill evaluation based on hindcast experiments and real-time forecasts are available
on the Tokyo Climate Center website To verify performance, hindcast experiments covering a period of

31 years (1979 2009) were conducted under conditions identical to those of the operational system, except
with an ensemble size of 5 instead of 50. The skill of ensemble mean forecasts was evaluated using the
Anomaly Correlation Coecient (ACC) and the RMSE for selected areas with respect to several physical
variables. Probabilistic forecast skill was also evaluated based on the BSS, the Reliability Skill Score (Brel),
the Resolution Skill Score (Bres) and the Relative Operating Characteristics (ROC).

Figure 3.3.5 shows the time-series representation of the NH 500-hPa geopotential height ACC for ensemble
mean forecasts averaged over 28 days (the running mean of 52 forecasts) based on operational forecasting
conducted from 1996 to 2011. It can be seen that skill in the NH shows a rising trend from 1999 onward.
Although ensemble mean skill is sensitive to initial conditions, it is almost consistently higher than that of
persistence forecasts. Table 3.3.3 shows ROC areas of 2-m temperature (T2m) and precipitation anomalies
based on the outcomes of hindcast experiments covering a 31-year period (1979 2009), and indicates that skill
for the tropics is higher than that for the extratropics.

3.3.5.4 Seasonal EPS

The results of prediction skill evaluation based on the WMO Standard Veri cation System for long-range
forecasts (SVS-LRF; WMO 2010b) are available on the Tokyo Climate Center website. To verify performance,

Shittp://www.jma.go.jp/jmal/jma-eng/jma-center/rsmc-hp-pub-eg/annualreport.html
“http://ds.data.jma.go.jp/tcc/tec/index.html
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Reliability of Typhoon strike probability
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Figure 3.3.4: Reliability diagram for probabilistic veri cation of typhoon position forecasts as derived from
the Typhoon EPS over a four-year period. The target years for veri cation are 2008 (blue), 2009 (sky blue),
2010 (orange) and 2011 (red). RSMC Tropical Cyclone Best Track information is used as observation data.
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Figure 3.3.5: Time-series representation of the Northern Hemisphere (NN; 2D N) 500-hPa geopotential
height anomaly correlation coecient in ensemble mean forecasts averaged over 28 days (the running mean of
52 forecasts) based on operational forecasting conducted from 1996 to 2011
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Table 3.3.3: ROC areas of 28-day mean 2-m temperature (T2m) and precipitation anomaly prediction for
positive anomaly events (upper tercile) in the Northern Hemisphere (NHN 20 N), the tropics (20S

20 N), and the Southern Hemisphere (SH; 8@0 S) based on hindcast experiments covering a period of
31 years (1979 2009). The gures in the table are multiplied by 100. The initial dates are 31 December for
January and 30 June for July.

T2m NH | Tropics| SH Precipitation NH | Tropics| SH
January(Initial:1231)(| 75.9] 76.4/69.8 January(Initial:1231)(| 63.0f 64.4/56.1
July(Initial:6/30) 71.6| 74.3/68.8 July(Initial:&/30) 58.8| 64.0/57.3

hindcast experiments covering a period of 30 years (1979 2008) were conducted under conditions identical to
those of the operational system, except with an ensemble size of 10 instead of 51. Figure 3.3.6 shows the
ACC between ensemble mean forecasts and observations for SSTs in the NINKCB K§ 150 W90 W),
NINO.WEST (0 15 N, 130 E 150 E) and IOBW (20S 20 N, 40 E 100 E)regions. SSTsin these areas are
predicted well with the CGCM. Although not shown in Figure 3.3.6, the skill for NINO3.4 SSTs is comparable

to those of major state-of-the-art seasonal forecast modelst(aln2008). ROC areas of T2m anomalies and
precipitation anomalies are shown in Table 3.3.4. The level of skill for T2m is better than that of precipitation in
all regions, and skill in the tropics is better than that in the NH and the Southern Hemisphere (S12098).

These results are consistent with those obtained from studies on the predictability of seasonal mean elds (e.qg.,
Sugi et al. 1997).

Table 3.3.4: ROC areas of three-month means (JJA and DJF) 2-m temperature (T2m) and precipitation anomaly
prediction for positive anomaly events (upper tercile) in the Northern Hemisphere (NN;2D N), the trop-

ics (20S 20 N), and the Southern Hemisphere (SH; 9@0 S) based on hindcast experiments covering a
period of 30 years (1979 2008). The gures in the table are multiplied by 100. The initial dates are 1 May for
JJA and 28 October for DJF.

T2m NH | Tropics| SH Precipitation NH | Tropics| SH

JJA(Initial:51) 63.8] 73.9/61.3 JJA(Initial:51) 52.3] 64.9/55.6

DJF(Initial:1028) || 63.5| 77.1/61.2 DJF(Initial:1028)||56.0] 62.7/53.8
ACC for NINO3 ACC for NINOW ACC for 10BW
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Figure 3.3.6: Anomaly correlations for SSTs over (a) NINO3S5 N, 150W 90 W), (b) NINO.WEST

(0 15 N, 130E 150 E) and (c) IOBW (20S 20 N, 40 E 100 E). Crosses indicate scores for CGCM pre-
dictions, and squares indicate those for anomaly persistent predictions. Shading indicates a 90% con dence
interval as estimated using the bootstrap method.
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3.4 Coupled Atmosphere-Ocean General Circulation Model
3.4.1 Model Description

Since July 1998, JMA has used atmosphere-ocean coupled general circulation models (CGCMs) to predict the
phenomenon of El Mio-Southern Oscillation (ENSO). The current CGCM (JMWRI-CGCM) introduced in
February 2008 was developed in collaboration with the Meteorological Research Institute (MRI). In February
2010, the ENSO Prediction System and the Seasonal Prediction System were integrated, and CGCM products
have since been commonly used for operational seasonal forecasting and ENSO prediction.

The model consists of atmospheric and oceanic components and a coupler. The atmospheric component
is based on a low-resolution version of JMA's Global Spectral Model (GSM0603; JMA 2007), which has a
horizontal resolution of TL95 (triangular truncation at total wavenumber 95 with a linear grid) correspond-
ing to 180-km grid spacing and 40 levels in the vertical direction with its top at 0.4 hPa (corresponding to
approximately 55 km).

Most physical parameterization schemes relating to atmospheric components remain unchanged unless
schemes have resolution dependency or shortcomings in coupled simulations. Several modi cations have been
made so that the CGCM can better represent atmospheric and oceanic states. Cumulus convection and cloud
schemes can be tuned to improve the climatology of precipitation and radiative budgets, and gravity wave drag
parameterization can be adjusted to the resolution of the CGCM, whose speci cations are summarized in Table
3.4.1.

The e ects of greenhouse gas forcing are incorporated via the setting of an increasing atmospheric car-
bon dioxide (CQ) trend in the model. In the hindcast covering the period from 1979 to 2007 (Section 3.3),
global average C@concentrations during integration are speci ed as observed values on initial dates based on
NASA/Goddard Institute for Space Studies (GISS) data (Hansen and Sato 2004). In hindcasts and real-time
forecasts covering the period from 2007 onward, the observedt@@d based on WM®Vorld Data Centre
for Greenhouse Gases (WDCGC) data is added to the 20Q%&l@e, and the C®concentration speci ed is
xed throughout each integration. This treatment and the warming trend in ocean analysis contribute to better
replication of the global warming trend in seasonal forecasts (e.g., Doblas-&e3le2006).

The oceanic component is the Meteorological Research Institute Community Ocean Model (MRI.COM-G;
Tsujinoet al. 2010), which is a primitive equation ocean general circulation type. The model has a horizontal
resolution of 1 1 in the extratropics with meridional re nement near the equator:8,@&nd 50 vertical
layers. Sophisticated model parameterizations are adopted, including a verticsibdischeme incorporating
sea surface wave breakingects (Noh and Kim 1999) and an isopycnal mixing scheme (Gent and McWilliams
1990). More details are given in Chapter 5.

The atmospheric and oceanic components are coupled every hour with the coupler. These components
communicate ocean surface properties such as SSTs, sensible and latent heat uxes, momentum ux, radiation

ux and fresh water ux. Adjustment is applied to heat and momentum uxes to reduce mean biases.

Atmospheric initial conditions are provided from JRA-25 reanalysis data (Cetog)i 2007) and related
real-time analysis from JCDAS (Section 2.10). Oceanic initial conditions are given by an ocean data assimi-
lation system (MOVEMRI.COM-G, Section 5.3), while land initial conditions are climatologies derived from
o ine land model simulations forced by ERA-15 reanalysis (Gibetaal. 1997). Ensemble perturbations are
produced using a combination of the BGM method and the LAF technique. Further details are provided in
Section 3.3.

3.5 Meso-Scale Model (IMA-MSM1206)

3.5.1 Introduction

The meso-scale numerical prediction system has been operational since March 2001 to provide information for
disaster prevention and aviation safety. In the beginning of its operation, the Meso-Scale Model (MSM) was a
hydrostatic spectral model which was also used as a coarser operational moderéntcon guration. The
horizontal resolution of the MSM was 10km and the 40 vertical layers were placed at that time. The MSM
produced 18-hour forecasts every 6 hours at 00, 06, 12, 18UTC.

71



Table 3.4.1: Speci cations of the Coupled General Circulation Model

Atmospheric componentBasic equation Primitive
Domain Global
Resolution TL95, 40 vertical levels

Cumulus convection Prognostic Arakawa-Schubert scheme
Land surface process | Simple Biosphere (SiB)
Planetary boundary layeMellor & Yamada Level 2

Oceanic component | Basic equation Primitive, free surface
Domain Global (75S 75 N)
Resolution 1 (lon) 1 (lat),

(1 (lon) 0:3 (lat) near the equator)
50 vertical levels

Vertical di usion Noh and Kim (1999)
Coupling Frequency Every hour
Flux correction For momentum and heat ux

In September 2004, the hydrostatic spectral model was replaced with a nonhydrostatic grid model. The
new MSM employed full-compressible elastic equations including a map factor. The general con gurations of
the system such as resolution, forecast time, forecast frequency and so on, were kept almost the same to those
of the previous system with the hydrostatic model.

In March 2006, simultaneously with installing a new supercomputer system, the resolutions and operation
frequency of the MSM were enhanced. The new model with the 5-km horizontal grid spacing and 50 vertical
layers produced 15-hour forecasts every 3 hours at 00, 03, 06, 09, 12, 15, 18, 21UTC.

Furthermore, the forecast period was extended to 33 hours four times per day out of the eight-time opera-
tions in May 2007. The extension of the forecast period made it possible for the MSM to provide 1-day ahead
useful information associated to disaster prevention and aviation operations.

Accompanied with the upgrades of the system con gurations such as horizontal and vertical resolution,
forecast period, and update frequency, various physical processes were also re ned. The improvements con-
tributed to considerable part of the steady progress in accuracy of the forecasts, as shown in Subsection 3.5.11.

3.5.2 General Con gurations

The current MSM has been operated 8 times a day and providing 15-hour forecasts at 00, 06, 12, 18 UTC, and
33-hour forecasts at 03, 09, 15, 21UTC. Its forecast domain is a rectangular at area of 3600km by 2880km
covering the Japan and its surroundings with the grid spacing of 5km, which is identical to the domain of the
the 4D-Var Meso-scale Analysis (MA; see Section 2.6) as shown in Figure 2.6.2. The rectangular plane is
obtained by the Lambert conformal conic map projection of the Earth sphere with the scale factor (map factor)
introduced to correct the expanded or shrank distance on the plane through the projection from the sphere.

A hybrid terrain following coordinate is adopted as the vertical coordinate to reduce in uences of topog-
raphy as the height increases (Subsection 3.5.3). The lowest atmospheric layer is placed at the height of 20m
above the surface, and the model top is set to 21,801m with 50 layers whose intervals vary linearly from 40m
at the bottom to 904m at the top.

A forecast model of the MSM is the JMA nonhydrostatic model (JMA-NHM; Saital. 2006, 2007).

The prognostic variables are horizontal and vertical momentum, potential temperature, pressure, mixing ratios
of water vapor and hydrometeors (cloud water, cloud ice, rain, snow and graupel), number concentration of
cloud ice, ground temperatures, soil water and four of the second order moments of the turbulent uctuations
(including the turbulent kinetic energy). The model is operated with 20-second time step.

Initial conditions for the model are generated by the MA, and lateral boundary conditions of the model
come from forecasts produced by the GSM (Section 3.2). When the operations of the GSM nish and newer
forecasts are available, the boundary conditions are updated. The MSM operations initialized with analysis
at 03, 09, 15, 21UTC switch the boundary conditions to newer ones (GSM forecasts initialized at 00, 06, 12,
18UTC, respectively) and produce longer period (33 hours) forecasts taking advantage of the new boundary
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conditions, while the ones initialized at 00, 06, 12, 18UTC use the same boundary conditions as the previous
operation (at 21, 03, 09, 15UTC, respectively) and provide only shorter period (15 hours) forecasts.

The model terrain is set relying on the GTOPO30 data set, which is a global digital elevation model with
a horizontal grid spacing of 30 arc seconds and developed by U.S. Geological Survey’s EROS Data Center
(EDC). In order to avoid computational instability related to steep slopes in the terrain, the terrain is smoothed
so that the valid resolution of the terrain adopted in the model is 1.5 times as coarse as the resolution of the
model itself.

The Global Land Cover Characteristics (GLCC) data set, again provided by EDC, helps to determine the
land-sea attribute of each grid in the model. A grid with the sea fraction over 0.5 is supposed to be located on
the sea. The sea fraction on each grid in the model is calculated based on the GLCC data set.

Parameters characterizing surface such as heat capacity, thermal conductivity, albedo, initial values of soil
moisture and roughness are decided based on land use described by the GLCC data set as well. The National
Land Numerical Information developed by the National-Land Informationc® of Japan is also referred to
set the parameters over the Japan.

Grids on land are further classi ed in terms of existence of snow. Similarly, grids on the sea can be covered
by ice. It means that there are totally four categories of the surface types: land, land with snow covered, sea,
sea with ice covered. Snow covered areas are analyzed with a 5-km horizontal grid spacing using the snow
depth data of the Global snow depth analysis (see Section 2.8) and observations obtained through the domestic
SYNOP and Automated Meteorological Data Acquisition System (AMeDAS). The snow depth given by the
Global snow depth analysis is modi ed with the denser and frequent domestic observations assuming 60-km
correlation radius in the analysis. If the snow depth is greater than 5¢cm, a corresponding grid is classi ed to be
the land with snow covered. Ice covered areas are identi ed from the sea ice analysis conducted by the JMA.
Over grids with snow or ice covered, surface parameters previously determined based on the GLCC data are
modi ed with the predetermined values.

3.5.3 Dynamics
3.5.3.1 Basic Equations

The governing equations used in the MSM consist of non-hydrostatic, fully compressible equations on a spher-
ical curvilinear orthogonal and a hybrid terrain-following coordinate with the shallow assumption. Details of
the derivations of these equations are given in Sgtital. (2006).

1. Flux form momentum equations

The equations of motion are described in the ux form:

% + % %’ + @C;P = ADVU +RU: (3.5.1)
ADVU = my, @J@” %u g@g” éPRC (3.5.2)

RuI = —f3V v g%‘z @’(; + DIF.U; (3.5.3)

% + % %’ + @;;p = ADVV +RV (3.5.4)
ADVV = m, %’ A v ﬁ @@YV %PRC (3.5.5)

RV = %f:;u U %% v%§+ DIF.V: (3.5.6)
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%’+ ég G_Fl; + mg(F:)Z = éBUOY ADVW + RW, (3.5.7)
m
Gl:2 0
BUOY = Mg 1 ) G¥; (3.5.8)
m
|
' w
ADVW = T2 %W+ %W + @@;W G1:2PRC (3.5.9)
RW = DIF.W, (3.5.10)
where
1=2 1=2 1=2
U= i}z u V= i} v, = (;3 w; (3.5.11)
1
w= G—L mG¥GRBu+ mGPGHEv+ w ; (3.5.12)
( )
1=2
W= ?ns w= G}Q m;bmz GI2GRU + GIRGRV + W (3.5.13)
P = pG*2: (3.5.14)

Here,u, vandw are the velocity componentsy andm, are the map factorsy; is not a map factor in the
zdirection but a variable introduced for de nition of momentum. ADVs denote the advection terms and
DIF.s denote the diusion terms. Symbolg®, andg are the pressure perturbation from the hydrostatic
state, density and gravity acceleration, respectivel{j?, G1® andG?3 are the metric tensord, is the
Coriolis parameter. A symbol is the switching parameter to choose the way to calculate the buoyancy
term. In the MSM, is set to zero and buoyancy term is calculated directly from the perturbation of
density. A symbol r,, is the mass-virtual potential temperature (Saito 1997) de ned as

m (1+0608)(1 a o o ds Oy (3.5.15)

whereq is the mixing ratios of water substances and subscviptsi, r, sandg represent water vapor,
cloud water, cloud ice, rain, snow and graupel, respectively. A synthisi the perturbation ofy, from
300K. W andw are vertical momentum and vertical velocity along wittoordinate de ned below Eq.
(3.5.21).

In this model, density is de ned by the sum of the masses of moist air and water substances per unit
volume as

= at ¢t it Tt st g (3.5.16)

where , is the density of air.
PRC is the sum of fallout of precipitable water substances de ned by

@
PRC= @ aViOr + aVigi+ aVsOs+ aVglg 5 (3.5.17)

whereV,; Vi; Vs; Vg are the terminal fall velocities of rain, cloud ice, snow and graupel, respectively.

The Lambert conformal projection is employed and the map factprandm,, and a variablen; are
given by
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1!Cl Cc

cos 1+sin’;
= = = - y 3.5.18
M =M =M cos' 1 1+sin’ ( )
mg = 1; (3.5.19)

where’ is the latitude of a concerned point, = 30 ,’ , = 60 andcis given by
8 » 9
I

B cos' 1 %tan 45 > §

c=1In - In§ : § (3.5.20)
S2  Btan 45 52 :

The hybrid terrain-following vertical coordinate which is based on the same approach aotireinate
(Simmons and Burridge 1981) is adopted to reduce in uences of topography as the height increases
(Ishida 2007). The vertical coordinatés transformed using the following equation:

z=z+ 2z (2; (3.5.21)

wherezis the actual height angi is the surface height. The functidn(2) is given by,

| |
N yag'n
z 27
f@=——N— c= T (3.5.22)
cr = 1 24t
Vay 277

wherez; is the model top heigh; = 1000,z, = 11000 anch = 3 in the MSM. The metric tenso3'?,
GG, G12G2 are written as

7 nl
@ nc(l+ c) =
G2 = 6 1te—t R (3.5.23)
Zr C+ i
Z‘( |
o)
ee_ e_ ' & a
GeB====- == N = (3.5.24)
e@ @ _, z' @
Ay
Tt
cl —
y z @
ciege- 2@ @ — T == (3.5.25)
@@ Q c+ 2@
Pay
2. Prognostic equation of pressure
The pressure equation is described as follows:
@ .
@+cm(D|VT PRC PFT)=0; (3.5.26)
!
DIVT = mym, % + % + %%; (3.5.27)
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G1=2 @m_

PFT= —: 3.5.28
— @ ( )
Here,Cp, is the velocity of sound waves de ned by
C Ir
Cp
2= PR, 2 7 3.5.29
m Cy " Po ( )

C, andC, are the speci c heat of dry air at constant pressure and constant volume, respeBtigelye
gas constant for dry air angh = 1000 hPa is a reference pressure. DIVT and PFT are the divergence in
z coordinate and the thermal expansion of air, respectively.

3. Prognostic equation of potential temperature
The thermodynamic equation is given by,

@ Q

g- ADV +(§ + DIE. ; | | (3.5.30)
_ 1 @ @ av :

whereQ is the diabatic heating. is the Exner function de ned by

I r

C
=27, (3.5.32)
Po
4. Prognostic equation of water substances
The prognostic equations of mixing ratios of water substances are given by,
@n _ :
6 = ADan + Qn + Dqun, (3533)
( ! )
_ @an @Ich @VCh .
5. State equation
The state equation is
ley
Po p ©
== = . 3.5.35
R m Po ( )

3.5.3.2 Finite Discretization

The grid structures of the model are the Arakawa C type in the horizontal direction and the Lorenz type in
the vertical direction. The fourth-order nite derence scheme is employed to calculate horizontal advection
terms, while vertical advection is calculated with the second-order scheme. Considering the staggered grid
structure, the fourth-order nite dierence is described by

@ _9 w2 i1 1 e 112 N i( x)4@
&, 8  x 8 3 x 640

For advection of scalar prognostic variables, the fourth-order nitedénce in the ux form is given by

+0 ( x)6 : (3.5.36)
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@ _ 9 i (U 12 1(U Bir1n (U 110 (3.5.37)
@, 8 X 8 3 X ’ e
where the second-order interpolation process is used to calculate scalar prognostic variables at the vector points

currently. For advection of vector variables,

@u _ 99Ut (UE)y 1 (Ui (U, L.
S i . ; 2 (3.5.38)

The above higher-order schemes are employed with the modi ed centereredte advection scheme (Kato
1998), which is a kind of ux limiter and acts as a ux correction scheme.

3.5.3.3 Split Explicit (HE-VI) Scheme

For the temporal discritization, the horizontally explicit, and vertically implicit (HE-VI) scheme is employed.
Forward time integrations

13
+@5P

+% % G = ADVU+RU; (3.5.39)

|

+ 23 -
vt Vv +% %+@@P - ADVV+RV (3.5.40)

are used for horizontal momentum equations, wherés the short time step. Backward time integration is
employed for vertical momentum equation as

w* gP

1@ P 1 gP
— — + = —BUOY ADVW+RW+ (1 —_—; 3.5.41
"m@ 62 Tmcz m ( )msCZm ( )
where
1+ ., 1
= — + . 9.
P > P 5P (3.5.42)
The pressure equation is integrated backward as
( )
P P @ @’ av
——+C3 mym, — +— +mg— PRC PFT =DIFP, 3.5.43
m st e T™a ( )
where
1+ ., 1 1+ ., 1 _1+ e 1
= + Vo= V + V; W W + —W: .5.44
v 2 v 2 U 2 2 ’ 2 2 (3.5.44)

Here, and are the implicitfactor. = 1and = 1 are employed in the MSM.
EliminatingW from the pressure Eq. (3.5.43) using the vertical momentum Eq. (3.5.41), we obtain the
one dimensional Helmholtz type equation

1l I 1

! I !
Cn 1+)?’@ 1 @ P Cn (1+)?@ gP P
2 @ G @ G2 2 @ C2G2
= FP.HE.INV+ HP.HE.VAR (3.5.45)

where
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|
1+ ) DIF.Pt’

— 2
FP.HEINV=Ch—= PRC+PF(T'+ o |
| |
1+)? @ 1 1 gPt -
c2 —~ = - —BUOY' (ADVW' RWY)+ (1 ; (3.5.46
"2 M@ cEm ( I+ e (3540
1+ ) @ @ @ @ 3 230\ @w
FP.HEVAR=P C2— 7 —+—+—=(G”U +G*V ) +mg—=—= : 3.5.47
— m St g @( ) tmg @c= ( )
Considering\ v * W )= =0 at the upper and lower boundary, upper and lower boundary conditions are
given by
tLer !+ 9P - M (iBUOY‘ ADVW'+ RW' + (1 ) o° )' (3.5.48)
Glz2@ Gl=2 Cr2n(_;1:2 Gl=2 mg mSCrzn ' e

3.5.3.4 Divergence Damping

An acoustic Iter which is based on the idea of Skamarock and Klemp (1992) is implemented to avoid the
computational instability by the sound waves. The gradient of the divergence is added to the momentum
equations as

|
m @DIVT = @™G¥DIVT "

RU! RU+ yt , 3.5.49
a2 — (35.49)
m @™DIVT @2GZDIVT
RV! RV+ 4— + ; 3.5.50
Hing Q@ @ ( )
1 @DIVT
RW! RW+ y— = . 3.5.51
where
| |
-2 -2
4= 0062 miné—x — i; (3.5.52)
t mm
1 5 .2
v=005= G2 7' (3.5.53)

3.5.3.5 Time Splitting of Advection and Gravity Waves

To stabilize the integration in cases where environmental wind is considerably strong and strong inversion
layer exists, a new time splitting scheme is implemented (Ritd. 2006). In the scheme, the higher-order
advection terms with the modi ed advection scheme are evaluated at the center of the leapfrog time step, and
then the lower-order (second-order) components at each short time step are adjusted only in the latter half of
the leapfrog time integration scheme,

ADV =ADV ADVL + ADVL : (3.5.54)

Here, ADV and ADVL are the higher-order advection and the lower-order advection component at a
leapfrog time step, respectively, while ADVIis the lower-order advection components at each short time
step. This adjustment is performed frons( 1)=2+ 1tons 1, wherensistheratioof2tand as shown
Figure 3.5.1.

Using this adjustment, the equation\fis rewritten as
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Figure 3.5.1: Time split of advection for casensd= 2 t= = 7 after Saitcet al. (2006) Fig. 3.
I
wt w_1@P , gP
Mm@ G  mC3
:iBUOY (ADVW ADVLW+ ADVLW )+ RW+ (1 )gpz: (3.5.55)
Mg msC,

The time splitting of advection of potential temperature using this adjustment is an alternative way to split
gravity waves
’ Q
—= (ADV ADVL +ADVL )+ o + DIF. ; (3.5.56)
P

where ADVL is computed by a ux form second-order central drence.

3.5.3.6 Computational Di usion

A nonlinear damper, a fourth-order linear damper and the Asselin time Iter (Robert 1966) are employed to
suppress the computational noise. The targeted moistutssidin is implemented (Saito and Ishida 2005) to
control the gridpoint storms and the associated intense grid scale precipitation.

1. Nonlinear damper
Nonlinear damping (Nakamura 1978),

( )]

!
;@ @ @ 3 @ @

)= = = + - —
aaa'"s @
is added to the diusion term of wheremy,. = 600 is used. For two-grid noise of amplitude
l/e-folding time is given bymy,. t= . This nonlinear damping sometimes causes the computational
instability because of the excessive dsion. A limit is applied to [} using the estimated amplitude of
the maximum wave number.

1
8myL t

DN|_ = (3557)

Ql®

2. Fourth-order linear damper
Fourth-order linear damping,
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( )
1 @ @
= Toms T ( x* & +( y? (3.5.58)

is added to the diusion term of wheremyp = 600 is used. /k-folding time is given bynp t.

D2ap

3. Asselin time lter

After the time integration, all quantities of prognostic variables are modi ed following the Asselin time
Iter,

M= O+05f @ t) 2@®O+ (t+ bvg (3.5.59)
where is setto 0.2 in the MSM.

4. Targeted moisture dusion

A second-order horizontal dusion is applied to water vapor when strong upward motions exist to
selectively damp the gridpoint storms caused by the positive feedback of the latent heat release by con-
densation and updraft acceleration. In the MSM, water vapor at grid points where the upward velocity
exceeds ® ms ! is horizontal di used with Ie-folding time of 300 seconds.

3.5.3.7 Boundary Conditions

Rayleigh damping,

Dy
MR

is added near the lateral and upper boundary to the time tendencies of horizontal and vertical momentum,
potential temperature and mixing ratio of water vapor, wheigethe prognostic variable ang xr is the value

of the external modelny is the coe cient which determines théefolding time andng = 2400 is used. D is

a function given by of location, where D is unity at boundary and decreases as the grid points are away from
boundary.

Dr= ExTQ (3.5.60)

3.5.4 Cloud Microphysics

An explicit three-ice bulk microphysics scheme (lkawa and Saito 1991) based @t &ir{1983) is incorpo-
rated. The scheme predicts the mixing ratios of water vapor and ve hydrometeors, which are designated by
gx wherex denotes categories, de ned a$or water vaporg for cloud watery for rain,i for cloud ice,s for
snow, andy for graupel. Number concentrations of solid hydrometeors (cloubliicenowNs, and graupelN)
are optionally treated as prognostic values in addition to their mixing ratios. Spherical particles are assumed
in all categories of hydrometeors. Density is constant in each categgryTherefore, the mass-size relation
(my(Dy)) is given by

my(Dy) = 5 Dy (3.5.61)

where Dy is the diameter of the particles. Simple power law is also taken for the fall velocity-size relation
(Ux(Dy)); therefore, it is given by I

Toux

Ux(Dx) = wDx™ = (3.5.62)
a

where , is the density of the air,q is the density of the reference air, angl, .x and ,x are constants in
each category of the hydrometeors.

The cloud microphysical processes simulated in this scheme are illustrated in Figure 3.5.2 (see Table 3.5.1
for the list of the symbols used in Figure 3.5.2). In this scheme, some basic cloud microphysical processes (e.g.,
nucleation of cloud particles, conversion from cloud particles to precipitation particles) are parameterized,
because their processes occur in a shorter temporal compared to the integration time-step. However, most
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of the cloud microphysical processes can be applied directly to the calculation related to the size distribution
assumed in each category of hydrometeors. The number-weighted mean of temporal tendency of one cloud
microphysical variable due to one cloud microphysical process in each particle gives the grid-mean temporal
tendency of as follows: 7
d _“tdy
dt o dt
where% is temporal tendency of due to one cloud microphysical process in a particle of dianigtand
n(D) dD is the number of particles per unit volume of air with diamédpo D + dD. Therefore, size distribu-
tions of hydrometeors deeply act time tendency of cloud microphysical variables due to cloud microphysical
processes.

The size distributions of rain, snow and graupel are assumed to follow an exponential function:

Nx(Dx) = Noxexp( xDx); (3.5.64)

n(D) dD; (3.5.63)

whereNoy is the intercept, andy is the slope parameter of the size distribution. Therefore, the moment formula
for rain, snow, and graupel is calculated as the following equation:

£1 (1+p).

Mx(p) = . DyPnx(Dy) dDx = Nox——;7- (3.5.65)
X

where My(p) is the p-th moment ofny(Dx). The number concentration is the zeroth momenhgDy) ;

therefore, it is calculated as Z,
N
Ny=  ngDy) dDy = My(0) = —%: (3.5.66)
0 X
The mixing ratio @ x= a) IS the third moment ofiy(Dy) ; therefore, it is also calculated as
_17t _ x _ x (4).
= = mDn(Dy) dDy = ~ My(3) = ~ Nox—: (3.5.67)
a a a X

When the number concentrations for rain, snow, and graupel are not predicted, their intercepts are assumed
to be constant; therefore, the following formula is used:
!

!
Nox = CONSt; = ——2% (3.5.68)

alx

ST

This option is adopted in the MSM.
Cloud water and cloud ice are assumed to be monodisperse; therefore, their size distributions follow the
-function:
rk(?x) = Nx (Dx Dy); (3.5.69)

where (X) satis es the following equation: (x a)f(x) dx= f(a), andDy is the diameter of the monodis-
1
perse particle. The moment formula for cloud water and cloud ice is given by

Mx(p) = NyDyx": (3.5.70)
The mixing ratio is calculated as
G = = =My@3) = = =NyDy : (3.5.71)
a 6 a 6
Therefore, their diameter is determined as
I
— 6 3
D= —ak ©. (3.5.72)
XNX

The number concentration of cloud waté&l;) is always assumed to be constant in this scheme. The number
concentration of cloud icd\;) can be optionally treated as prognostic value, and this option is adopted in the
MSM.

Table 3.5.2 provides the characteristics of each hydrometeor class. More detailed information on the treat-
ment of each cloud microphysical process in this scheme can be found in lkawa and Saito (1991).
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Table 3.5.1: List of symbols in Figure 3.5.2

Notation Description
Production terms
p.apppb  Production of category a converted from category b through a process ppp
p.apppab Growth of category a by capturing category b through a process ppp
p.apppb.c Generation of category a by category b capturing category c through a process ppp
Categories by hydrometeors
\Y Water vapor
w Cloud water
r Rain
[ Cloud ice
S Snow
g Graupel
Cloud microphysical processes
evp Evaporation
cnd Condensation
aut, cn Conversion
ac Accretion
mit Melting
nud Nucleation
dep DepositiofSublimation
frz Freezing
spl Ice splinter multiplication
sed Sedimentation
Table 3.5.2: Assumed hydrometeor parameters and characteristics.
Rain Snow Graupel Cloud water Cloud ice
Variable  qr(kg kg *) as(kg kg 1) ag(kg kg 1) ae(kg kg 1) ai(kg kg )
Ns (m 3) Ng (m %) e N3
Size n(Dr) = ns(Ds) = Ng(Dg) = = _ 60c a#% "6 -
distribution Nroexp( (D)  Ngpexp( Ds) Ngpexp( ¢Dg) P¢= N, D= a2
(m 4) Nro = 8.0 10° Ne = 1.0 108 Ni i
Fall , o
velocity Ux(Dx) = uxDx ™ —
(ms?) )
ur = 842 us= 17 ug = 124 w=298 10’ =700
ur = 0:8 us= 0:5 ug = 0:64 uwc =20 ui = 1:0
ur = 05 us = 0:5 ug = 0:5 we=10 ui = 0:35
Density =10 1c8 s=84 10 ¢=30 10 ¢c=10 10° =15 107
(kgm ®)
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p_g__dep_v
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Vapor
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Figure 3.5.2: Cloud microphysical processes in the MSM. For a list of symbols, see Table 3.5.1.

3.5.5 Convective Parameterization

In order to incorporate vertical transport of heat and moisture by subgrid-scale convection, the Kain-Fritsch
(KF) convective parameterization (Kain and Fritsch 1990; Kain 2004) has been employed for the MSM.

The KF scheme parameterizes convection using a cloud model based on the one-dimensional entrain-
ing/detraining plume model which contains detailed treatment concerning interactions between convective
updraft and surrounding air, which are entrainment and detrainment processes. Therefore the subgrid-scale
convection parameterized by the KF scheme is sensitive to thermodynamic conditions of the environment. The
cloud model consists of a pair of upward and downward mass uxes. These uxes and compensating subsi-
dence, which is induced through the mass conservation, transport heat and moisture vertically. Entrainment
and detrainment, through which the mass is exchanged between the cumulus and the environment, control the
development of the mass uxes.

The scheme starts from estimation of mass uxes representing the convection. In that estimation, entrain-
ment and detrainment are calculated as interaction with the environment. The vertical transport of heat and
moisture by the uxes and the compensating subsidence brings modi ed vertical pro les of temperature and
water vapor. Adjusting the mass uxes to reduce the convective available potential energy (CAPE) results in
vertically stabilized atmosphere. To nd out grids at which the scheme works, a trigger function is used. As a
consequence, temporal tendencies of temperature, water vapor and hydrometeors are obtained by the scheme.
Each process is described below in detail.

The upward mass ux is estimated through moving air mass up from the lifting condensation level (LCL)
with the conservation of equivalent potential temperature and total amount of water contents in a Lagrangian
sense. The initial upward mass ux at the LCM,y, is given as follows with the assumption that the vertical
velocity is 1ms?! and the initial area occupied by convection is 1% of a grid,

Mo= wc. 001 X (3.5.73)
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where . ¢ is the density of the upward mass ux at the LCL anxlis the grid size of 5km for the MSM.

While evaluating the updraft, condensate is formed and some of them are glaciated according to the tem-
perature of the updraft at each level, and excess amount of these hydrometeors over a threshold is taken out
from the updraft as precipitation via a Kessler type autoconversion scheme. Furthermore, as entrainment and
detrainment, the interactions between updraft and the environment as the turbulent mixing are also estimated
at each vertical level. It is supposed that the turbulent mixing occurs at very near the periphery of the updraft,
then many subparcel-like mixtures of the updraft and the environment are formed at various ratios assuming
the Gaussian distribution of the probability such that mixtures at the ratio of fty- fty is the most likely. Con-
sequently, the mixtures with positive (negative) buoyancy against the environment entrain into (detrain from)
updraft. It means that more molsarmer condition of the environment favors much developed updraft and
that driefcooler one prevents the updraft from growing. The hydrometeors included in detrainment masses are
taken into account as the tendencies for the grid-scale variables. The vertical velocity of the updraft changes by
buoyancy and weight of the hydrometeors. The updraft terminates when the upward mass ux has emaciated
through detrainment or vertical velocity of the updraft turns into zero.

Entrainment rate, M, which determines amount of entrainment and detrainment, is inversely proportional
to radius of the updrafR,

Me = Myo(0:03 P=R); (3.5.74)

where P(Pa) is thickness of vertical grid. The radius of the updraft is used only for the entrainment rate
estimation.

The radiusR is rendered as a function of larger-scale forcing through the grid-resolved vertical velocity
and the height of the LCL (Moriyasu and Narita 2011). In the case that the height of the LCL is lower than
950hPaR takes 500m. When the height of the LCL is higher than 800RFadetermined as follows:

8
1000 (Wo < Oms 1)
R=factor x= Xo §1000(1+ Wo=0:1) (Oms! Wy 0:1ms?) (3.5.75)
~2000 (Wo > 0:1ms 1);
Wo=Wic x= X% WkicL; (3.5.76)
:
0.02 Z
kicL = 3 (o 20) (3.5.77)

7002 ZiciZy (ZicL < Zo);

where Xp takes 25km that is the grid size of the original model the KF scheme develdfydddicates the
intensity of the updraft depending on the grid-resolved vertical velocity at the Wgg,, is a running mean of

the grid-resolved vertical velocity at the LCL for 8 timestehs;, is the height of the LCLZ, takes 2000m
andfactor takes 5 for the MSM. In the case that the height of the LCL is between 950hPa and 8B0kPa,
linearly interpolated between both cases above. The gap of the grid size between the MSM and the original
model needs the correction term of= Xg.

A downward mass ux as a convective downdraft is fueled by evaporation of the hydrometeors that are
generated within the updraft. The downdraft starts at the layer of 150hPa above the LCL. With the similar
way to the updraft, the mass ux is estimated for the downdraft. Entrainment between the downdraft and the
environment is allowed only above the LCL and detrainment only below the LCL.

Parameterized shallow convection is also allowed for any updraft that does not reach the minimum cloud
depth for deep convection. The minimum value of cloud depth is a function of temperature at cloud base
(LCL).

Adjusting amount of the mass uxes iteratively in the sense of a 85% reduction of the initial value of CAPE,
the stabilized atmosphere succeeds. ddénces of the thermodynamic variables of the stabilized atmosphere
from that of the initial unstable one is the contributions of the parameterized convection as the goal of the
scheme. The dierences divided by an advective time period for a column are as the tendencies on each step.
In the case of the temperatufi, for example,
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dT _ Tstabiized  Tinitial .

— _— 3.5.78
dt convection x=0 ( )

where¥l is an average wind speed at the LCL and 500hPa.

Searching to nd out grids which the parameterized convection should occur is repeated in every 5 minutes
(i.e. 15 timesteps). For picking up the grids, the trigger function is de ned as the temperature of a lifted air
mass at the LCL with perturbations as a function of the grid-resolved vertical velocity and the relative humidity
at the LCL added.

Trigger Functior= Ty gL +0:2  TicL +0:25 Tgry: (3.5.79)

The rstterm of the perturbations represents the dynamical forcing which needs to overcome the convective
inhibition.

h i
TicL = max (100Wp)3;0 : (3.5.80)

And the second term comes from the variance in the relative humidity distributiorefLénél. 2002).

8
0 (RHLCL < 075)
Ten= 3025RHc 0750@c,=@) (075 RHo 095) (3.5.81)
i (1:RH|_C|_ 1)q:(@LCL:@) (095< RHLCL);

whereRH, ¢, is the grid-resolved relative humidity at the LQdis mixing ratio of the water vapor of the lifted
source layers ang , is mixing ratio of the saturated water vapor as grid-resolved value at the LCL. Tuning
factors for both the perturbations appear in Eq. (3.5.79) for the MSM.

First, the potential updraft source layer (USL) of the lowest 50hPa depth is lifted adiabatically to its LCL.
And then the trigger function to be compared with the environmental temperature represented by a grid-scale
value. If T + 0:2 TicL + 0:25 Trn > Tenv is met, the USL is regarded to have buoyancy and
parameterized convection is initiated at the LCL. If not, the base of the potential USL is moved up 15hPa and
the comparison between the trigger function aggy is repeated while the base of the potential USL is below
the lowest 300hPa of the atmosphere.

3.5.6 Radiation

The radiation process employed in the MSM is almost identical to that in the GSM, as codes of the GSM
radiation process was ported into the MSM. The details are described in Subsection 3.2.3. Szemcds
between them are mentioned below.

A method to evaluate the ective radius of a cloud ice particle in the MSM is based on Ou and Liou (1995)
with modi cation by McFarquhaet al. (2003). Following the method, the ective radiug[ m]is given as

re= 1:56+ 0:388D + 0:00051D¢?; (3.5.82)
De = 3263+ 12:42T + 0:197T2 + 0:0012T3; (3.5.83)

whereT [deg. C] is air temperature aid [ m] is the mean eective size of the particle.
Cloud fraction is diagnosed using the partial condensation method based on Sommeria and Deardor
(1977) which is also employed in evaluating buoyancy ux in the boundary layer scheme (Subsection 3.5.7).
The longwave and shortwave radiation are fully calculated every 15 minutes, while heating rates due to
longwave and shortwave radiation are corrected every time step using the surface temperature and the solar
zenith angle, respectively.
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3.5.7 Boundary Layer

As a boundary layer scheme which represents vertical turbulent transport of momentum, heat and water, the
Mellor-Yamada-Nakanishi-Niino Level 3 model (MYNN3) (Nakanishi and Niino 2009) is employed in the
MSM.

MYNNS3 is the second order turbulent closure model, which assumes that the third order moments of
turbulent uctuation can be depicted by the lower order moments. The full model (called Level 4) requires
too large computational costs because all the second order moments are prognostic variables. In order to reduce
the computational costs to run, some terms appeared in the prognostic equations are neglected in terms of the
order of anisotropy. In the model called Level 3 with the boundary layer approximation in which horizontal
derivatives are ignored, just only four turbulent prognostic variables, including the turbulent kinetic energy
(TKE), are left as

|
Do® _ @ @ 9 550 o4 gif-a
Ft— ZW@+W@ +2_VVV0V 2 +d|f.q, (3584)
D ? @ ...
ot~ Z\W@ 2" +dif: 2 (3.5.85)
2 _
Do _ g G 2" o + dif qZ; (3.5.86)
Dt @
D % @ @
T WTPEjV WOqW@ 2" o+ dif: % (3.5.87)
and the other second order moments are diagnosed as
W= ¢ (SM2:5+S(|\)/|)%; (3.5.88)
W= g (SM2;5+SE’A)%; (3.5.89)
W 0= g (S .+s°)@: % 2. é 3.5.90
| g (Shzs + Sy g BH2s ( )
@ @ !
Wi = ' (Shes + Sﬂ)% = q SHZ:S% + g (3.5.91)
Here,q is mixing ratio of condensed water (including ice phase), and
P =2TKE= Uu2+V2+WwW? ; (3.5.92)
L
| = C_p?QI, (3.5.93)
O = Gy + Qi; (3.5.94)

with the assumptions that the vertical derivative of the third order moments can reducasmditerms (difX
denotes a diusion term onX). The dissipation term$y appeared in the equations are parameterized on the
basis of the Kolmogorov’s local isotropy assumption as

=gk =gk 6 aT prds o= pr®ir (3.5.95)
with the closure constani;, B,. The mixing length is given by
1 1 1 1
- = o + = + L—B; (3.5.96)
where
g kz=3:7 (=1
Ls=5 kA1+27)! (05 <1) ; (3.5.97)

TkAl 4 )02 (<0
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gz dz
Lr= 12— (3.5.98)
qdz
g 0
g h2o™N i (@=@> 0, =0)
Le=g 20+ 3TN N (@ =@ 0; <0) ; (3.5.99)
1 (@ =@x 0)

with the Brunt-\Vaisala frequencyN;, von Karman's constank, and = z=L with the Monin-Obukhov length
L. Empirical constants;, 2, zand 4settobe

(15 27 3, 4)=(0:231.0;5:0;10C0): (3.5.100)

Swmz2:s andSy,s are determined by the ux Richardson number and empirical constants appearing in closure
assumptionsSY,, SP, and qare correction terms induced by the enhancement from level 2.5 (in which only
the TKE is treated as a prognostic variable) to level 3. The correction terms depend on the turbulent prognostic

variables ¢?, 2, qzZ and ).

Buoyancy ux (g= )WP 0 is the important origin of the TKE production. By considering partial con-
densation eects assuming that uctuations of andq,, from their mean values is depicted by the Gaussian
probability density function (PDF) (Sommeria and Deard@®77), the width of which depends of?, Q2
and?&wy, the buoyancy ux can be written as a function of cloud fraction and condensed water obtained as
moments of the PDF.

Using local gradient ofl, v, | andqy, Sm2:5 and Sy can be calculated. Once the prognostic equations
Eq. (3.5.84), Eq. (3.5.85), Eq. (3.5.86) and Eq. (3.5.87) are integrated, uxes Eq. (3.5.88), Eq. (3.5.89), Eq.
(3.5.90) and Eqg. (3.5.91) and tendencies of the turbulent prognostic variables can be calculated. The uxes
give temporal tendency of a variablé= u;v; |; q,) due to the turbulent transport as follows,

@
— = —QW o 3.5.101
For the details of the formalism, refer to Nakanishi (2001); Nakanishi and Niino (2004, 2006, 2009).

3.5.8 Surface Fluxes

The main procedures around surface processes are evaluation of surface uxes. Itis assumed that the turbulent
uxes are constant with height and equal to the surface values within the surface layer. They can be expressed
in term of di erences between quantities at the lowest layer of atmosphere (identi ed by a subscript a) and
surface (identi ed by a subscript s) as

uwWl= CpUaug; (3.5.102)

= CnUaVa; (3.5.103)
W= CplUa(va o) (3.5.104)
W= Cq Ua(Gva Gsad; (3.5.105)

P
whereU, = U2 + V3, OsatiS the saturated speci ¢ humidity at the ground surface tempera@iyrend is the
evapolation e ciency. Over land, is estimated with soil moisture

8
2wy=0:3 0:3

- SW03 Wy 03) (3.5.106)
1 (wg > 0:3)

wherewy is the volumetric water content at the surface, and is predicted by Eqg. (3.5.133) (see Subsection
3.5.9). Over the sea, snow, and seaicis, set equal to 1.
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The transfer coe cientsCy,, C, andCq can be expressed as

2

Cp = » ; 4 (3.5.107)
" In 4 do 4 do + @ "
Zom L "L
2
Ch=" 1 # 1 #: 3.5.108
"T 7 d, z d Zm Z do z d Zon ( )
In m + m— In h + 5 =
Zom L L Zoh L L
2
Cy=*" ! H#H- ! #: 3.5.109
q z do z do Zom z do z do Zq ( )
Zom L L Zoq L L

where m, n, and 4 are the integrated gradient functiondy is the zero-plane displacement (the MSM
assumesly = 0). Following Beljaars and Holtslag (1991), they are given as functionsof=.,

g c bc
§ b g exp(d) a — ( 0
m( )= ; (3.5.110)
.§§ 2tan1x+lnw (<0
8 I3
c 2 2 be
b = d) 1+% LA | 0
()= § , 32 exp( d) 3% ¢ 0. (3.5.111)

(<0

wherelL is the Monin-Obukhov Length, = 0:4 (von Karman’s constant), and= 1,b = 2=3,c=5,d = 0:35,
andx = (1 16 )¥™. The integrated gradient function for moisturg is assumed equal to,. , which
required to calculate,( ) and ( ), satis es the following equation,

! #
z do z do Zon
In L
Rig = 2" ; i (3.5.112)
z dy z dy Zom
Zom L L

which can be solved by iteration such as the Newton’s metRggdis the bulk Richardson Number de ned by

Rig= 92 (wa . (3.5.113)
1 U2
z( vat vs)

Zom, Zon, @ndzgq are the roughness length for momentum, heat and moisture respectively. The roughness length
on land is set depending on the land use of each grid point. Over the sea, following Beljaars (1995) they are
expressed by

LI2
Zom = @m— + ach— ; (3.5.114)
u g
Zoh = ahu_ ; (3.5.115)
2q=8q; (3.5.116)

whereay = 0:11,ach = 0:018,a, = 0:40,8, = 0:62, and is the kinematic viscosity 1:5 10 °m?s 1). u
is the friction velocity de ned by

y = T (3.5.117)
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An e ect of a stomatal resistance is introduced as following. The surface ux of moigdufes repre-
sented with a resistance coeientry,
1

=5 1
= —_ . .
o ra(QVa Osad; Ta Uy (3.5.118)

rq is corrected ta, + rs when an eect of a stomatal resistancgis incorporated.rs depends on shortwave
radiation ux towards surfac&

fs = Isday + —s : (3.5.119)

whereSp = 1 W m 2, rg4ay is set to 30 s mt from April to October and 60 s n in the other month, and
Isnight = 300 s m?,

The screen level physical quantities such as wind at 10 m height, temperature and dew point at 1.5 m
height are diagnosed by interpolation between the lowest model level and surface assuming the same gradient
functions as in the scheme of surface process. Wind velociyod0 m height),u;o, and virtual potential
temperature a5 (1.5 m height), v1.5 are diagnosed as

S
g = g:((zzfz) u ;S (3.5.120)
Ch(z))  Cm(zus) (3.5.121)

e = + .
v1:5 Vs Ch(Z]_;5) Cm(Za) ( va VS)

3.5.9 Ground Temperature and Soil Moisture

Ground temperature, which is used in evaluating surface uxes, is predicted by a multi layer model. The basic
equation is the heat conduction equation, in which prognostic variables are temp@&rature
@ @ @
—= — G= — 3.5.122
‘@ @ @ ( )
whereG is the ground heat ux, . is the heat capacity, andis the coe cient of the thermal conductivity,
respectively. By vertically discretizing soil intd layers (is set to 4 in the MSM, as showing Figure 3.5.3),
Tk Tk1 @ Gr+1 Gk
Gy= 2 —————(k=2:::;N); —= ———(k=1:::;N 1); 3.5.123
‘ s 5 g L ) ( )
where z, denotes thickness d¢th layer (concretely zz = 0:04 m, z = 0:15m, z = 0:40 m and
Z, = 0:60 m), andGy(k 2) is given as the gradient of temperature betwe¢imand k 1)-th layer.G; is
the heat ux towards surface, which is given by

Gi=(1 )Ss+Ly T{ H IE; (3.5.124)

whereS; andL4 denote uxes of shortwave and longwave radiation towards surfaisthe Stefan-Boltzmann
constant, and is the surface albedd! andlE represent uxes of sensible heat and latent heat from the surface,

H= ¢ MWwo; (3.5.125)
E= | odwo; (3.5.126)

in which ¢, is the speci ¢ heat of dry air at constant pressuiig,the latent heat of vaporization, ands the
density of air at the lowest layer of atmospheBg(k  2) can be eliminated as:
@, _ G 2 (T, T

= + ; 3.5.127
@ c z( »+ n) ( )
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@ 2 (Tk Tka) 2 (Tker Ti)

— = + k=2;:::;N); 3.5.128
@ Z( &+ zZc1) A Zeat A)( ) ( )
where = .. and . are setas to land use and surface type.
For time integration, the trapezoidal implicit method is adopted. Temporally discretized equations are:
t n+l 4 Gn 2 (Tn+1 Tn+l + TN Tn)
Tl = 0y _éGl 1.4 2 1 2 UV§. 3.5.129
! 27 oz n( n+ 2) ( )
1 1 1 1
ngﬂ STt T T+ T T ) . (T T+ T TE);; k=2 0N 1)
a( w+ Zo1) Z( Ze1+ Z)
(3.5.130)
where
" Hhao ) i1 " th
@, " @ @, @5
GM=Gl+ t — =G+ t ——> Gl+ — (T 1D 3.5.131
1 1 @ 1 @-1 @ 1 @l ( 1 1) ( )

If Ty is given, these elliptic equations can be solved. In the MSMs xed to climatological value during
forecasts. The climatological data for the ground temperature were obtained in the following way. Firstly,
monthly mean temperatures at standard pressure levels were calculated from the objective analysis during
1985 and 1986. Next, these data were interpolated vertically to the model ground surface. Then, only the
annual mean and the rst harmonic component of annual change of the surface temperature are extracted to
obtain the climatological underground temperature akttteground layer with the following equation.

( )
2
Tek=T+ Aexp % cos 3_65(D P) % ; (3.5.132)

whereT is the mean ground surface temperatérendP are the amplitude and the phase of the annual com-
ponent of the surface temperature, respectivglys the depth of thé&-th ground layerd( = 2.65 m) is the
e-folding depth and is the number of day from the beginning of the year.

Furthermore, the sea surface temperature is spatially interpolated from the SST analysis at 18UTC (Section
5.2). Itis given ad;, and is kept constant during the forecast.

Soil moisture is also predicted by the force restore method based on De#&t&@8):

@\’g _ Wy W2

+Fy; 3.5.133
@ g g ( )
surface
------------------ Tl TTTTTTTTmmmmmmmmeees AZl = 004m
""""""""""""""" Ty mmmmmmmmmmmmmmnannaas Azy = 0.15m
------------------------ T ommmmmemmmmeeeeees Azs = 0.40m
------------------------ Tyreeerememeemsee | Azy = 0.60m

Figure 3.5.3: Structure of the numerical discretization over the layers for the temperatures.
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& - P (3.5.134)

wherew; is the mean volumetric water content under the ground, gimla time constant{ 0:9 86400 s).
Forcing termd~4 andF, are given by

Fg= cgu; (3.5.135)
w
Fp= EP Pr; (3.5.136)
wd2

whereE is the evapolation ratd?, is the precipitation rate,,, is the density of liquid wated; = 0:1 m, and
d; = 0:5 m. Cy is a constant given as following

|
8 W

0:5 0:75

| Wmax |
Wy Wy
Cy=314 225 —— 015 015 <075 ; (3.5.137)

Wmax Wmax|
Wy

514 <015
Wmax

wherewmay is the maximum of volumetric water content (0.4).

3.5.10 Parallelization

In order to parallelize computation in the model, the domain is horizontally (two-dimensionally) decomposed
into some blocks (Figure 3.5.4) and each of the decomposed blocks is assigned to one process which commu-
nicates with other processes through the Message Passing Interface (MPI) (Aranami and Ishida 2004). The
processes exchange their data on halo regions when the data on adjacent processes are required for low-order
derivatives and interpolation. As the width of the halos is unity, extra halos are temporarily prepared in evalu-
ating the forth order horizontal advection because it requires halos with the width of two or more.

U
) v T
o /

NS

[] Computational grid

N\

Halo region

Figure 3.5.4: The whole computational domain (left) and the domain distributed to MPI processes with halo
regions (right)

In addition to the processes tied to the decomposed blocks, a special process is exclusively spared to store

data into physical disks. As the process can work in background of the main forecasting calculation, time
necessary for the output can be hidden and reduced (Figure 3.5.5).
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Figure 3.5.5: A diagram of calculation without (left) and with (right) an output process.

Because necessity and sciency of conducting MPI communications have been carefully examined, bit-
comparable results can be always obtained not depending on the number of processes and how the domain is
decomposed. It is very useful and easy to nd bugs related to the parallelization.

Within each MPI process, the thread parallelization (SMP) is also applied relying on a function of a Fortran
compiler to automatically build parallelized modules.

In the current operation of the MSM, the domain is divided into 17xfdirection and 30 fol direction
for the MPI parallelization and additional one process is secured for exclusive data storage. Each MPI process
consists of two SMP threads. With this con guration, it takes around 28 minutes to complete 33-hour forecasts
of the MSM on Hitachi SR1600M1 at JMA.

3.5.11 Forecast Performance

Performance of the MSM forecasts has been evaluated by comparing the forecasts with various observations
to measure quality of its products and nd clues as to further improvements of the model. Especially the
accuracy of precipitation forecasts should be emphasized because one of the important purposes of the MSM
is to provide information on severe weather phenomena leading to serious disasters.

Figure 3.5.6 and Figure 3.5.7 show time series of threat and bias scores of 3-hour accumulated precipitation
forecasts produced by the MSM with the 10-mm threshold from January 2006 to December 2011, respectively.
The veri cation has been performed using Radar-Raingauge Analyzed Precipitation (here#tesel® Sub-
section 4.4.1) as reference observations. (Note that the horizontal resolution dAthad$been 1-km since
March 2006, while the FA was generated at the 2.5-km resolution until then.) The veri cation grid size is
20-km, meaning that both the forecasted and observed precipitation over land or sea within 40-km from the
coast are averaged over 20-km meshes. Then contingency tables are created by comparing them on each grids.

Figure 3.5.6 and Figure 3.5.7 indicate that the threat score tends to be increasing and the bias score is gradu-
ally approaching to unity over the past 6 years. The steady progress has been made by persistent developments
of forecast model, data assimilation system, and assimilation method of observation.

92

























































