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1 Introduction

This document describes about the atmospheric general circulation model (AGCM) of MIROC6
(the sixth version of MIROC or Model for Interdisciplinary Research on Climate; Tatebe et
al., 2019), which has been cooperatively developed at the Center for Climate System Research
(CCSR; the precursor of a part of the Atmosphere and Ocean Research Institute), the Univer-
sity of Tokyo, the Japan Agency for Marine-Earth Science and Technology (JAMSTEC), and
the National Institute for Environmental Studies (NIES). All the descriptions are basically cor-
responded with the source codes of MIROCS, specifically the version used for CMIP6 DECK
experiment, whereas the original document written in Japanese by Dr. Numaguti in 1995 was
corresponded with those of CCSR/NIES AGCMS5.4.

1.1 Characteristics of MIROC6 AGCM
MIROC6 AGCM are summarized below.

e System of equations: Hydrostatic primitive equations

e Area: Global 3D

Prognostic variables: Horizontal wind speed, temperature, surface pressure, specific
humidity, cloud water

Horizontal discretization: Spectral transformation (Bourke, 1988) method

Vertical discretization: Hybrid o — p coordinate, based on Arakawa and Konor (1996)
Resolution for default: T85 (150 km), 81 levels up to 0.004 hPa
Time integration: Essentially the leap frog scheme, with a time filter (Williams, 2009)

Cumulus: An entrainment plume model with multiple cloud types (Chikira and Sugiyama,

2010)

e Shallow convection: A mass-flux-based single-plume model based on Park and Brether-
ton (2009)

e Large scale condensation & Cloud microphysics: A prognostic large scale conden-
sation scheme (Watanabe et al., 2009) and the implementation of a bulk mirco-physical
scheme (Wilson and Ballard, 1999)

e Radiation: k-distribution scheme (Sekiguchi and Nakajima, 2008) with a hexagonal solid
column as ice particle habit and extended mode radius of cloud particles

e Turbulence: The Mellor-Yamada-Nakanishi-Niino scheme (Nakanishi 2001; Nakanishi
and Niino 2004)’s level 2.5 closure scheme

e Surface flux: Bulk coefficients (Louis, 1979; Louis et al., 1982) with convection effects at
sea surface (Miller et al., 1992)

e Gravity wave drag: An orographic gravity wave parameterization (McFarlane, 1987)

with a non-orographic gravity wave parameterization (Hines, 1997; Watanabe et al., 2011)



1.2 Features and Structure of the Model
1.2.1 Basic Features of the Model.

The MIROC6 AGCM is a numerical model for describing the global three-dimensional atmo-
sphere based on physical laws and calculating the time evolution of the system as an initial value
problem or a boundary value problem.

The data to be inputted are as follows.

e Initial data for each prognostic variable (horizontal wind speed, temperature, surface pres-
sure, specific humidity, cloud liquid water content, etc.)

e Boundary condition data (surface elevation, surface condition, sea surface temperature,
etc.)

e Various parameters of the model (atmospheric components, physical process parameters,
etc.)

On the other hand, the output is the following.

e Data for each prognostic parameter and diagnostic parameter, for each time or time average
e Initial data to be used for continuous execution (restart data)

e Progress and various diagnostic messages

The prognostic variable is the data obtained as a time series by integrating the differential
equation of time evolution, and the diagnostic variable is the quantity calculated from the
prognostic variable, the boundary conditions and the parameters by some method that does not
include time integration.

More specifically, the model basically solves the following equations (prognostic equations).

= Fp+ (Fp (1)
& (Fpt () (1.2)
o @b+ @b (13)
B — (M)p + (M) (14)
00— ($)p+ (S)p (1)
s Q)+ (@) (1.6

Here, u,v,T,pg,q, T, are two-dimensional and three-dimensional prognostic variables such
as eastward wind, northward wind, temperature, surface pressure, specific humidity, and surface
state amount, respectively, and the right-hand side is a term that causes time variation of each
prognostic variable. The terms F, F,, @, S, Q4 are calculated based on the prognostic variables
u,v,T,ps,q, Ty, are divided into two main categories: the terms u and v, such as advection due
to the motion of the atmosphere (the terms with index D in the above equation), and the terms
such as cloud and radiation (the terms with index P in the above equation). There are two



main types of terms. The former is called the dynamical process, and the latter is called the
physical process.

The advection term is the main part of the time-varying term in dynamical processes, and
the accurate estimation of the spatial derivative is important in its calculation. The MIROCG6
AGCM utilizes the spherical harmonic expansion to calculate the horizontal differential term.
On the other hand, it is important for physical processes to be represented in a simple model
with parameters (parameterization), such as energy conversions due to the phase change of
water, radiative absorption and emission, the effects of small-scale atmospheric motions, and
the effects of various processes on the ground surface.

The time integration of the prognostic equation is done by approximating the left-hand side
of (1) etc. by the difference. For example,

ALt

dqg  q q
9 — A7 (1.7)
By making,
¢ = ¢ + AL[(S)p + (S) p] (1.8)

where S is a function of the prognostic variables u,v, T, pg,q. Although S is a function of
the prognostic variables u,v, T, pg,q, and so on, there are various time difference schemes that
can be used in this calculation depending on the time of day the prognostic variables are used
to evaluate S. The MIROC6 AGCM uses the Euler method, which uses the value of the t as it
is, the leap frog method, which uses the value of the ¢ + At/2, and the implicit method, which
uses the (approximate) value of the ¢ + At.

In the MIROC6 AGCM, the time integration of the prognostic variables is done separately
for the dynamical and physical processes. The dynamical processes basically use a leap frog,

= B an (S, (19)
However, some terms are treated as implicit. In the physical process, based on the results of
integrating the dynamical terms, the Euler and implicit methods are used together,

¢ =GR L 2A(9) (1.10)

in (8). Note that At in (8) is replaced by 2At.

1.2.2 Model Execution Flow

The flow of the model execution is briefly shown below. The entries in the index are the names
of the corresponding subroutine.

1. set the parameters of an experiment, coordinates, etc.

SUBROUTINE: [PCONST,ASETCO, SETPAR,SETTSTRT, SETTEND]

2. read the initial values of the prognostic variables SUBROUTINE: [RDSTRT]

3. start the time step SUBROUTINE: [TIMSTP]



4. perform time integration by mechanical processes SUBROUTINE: [DYNMCS]
5. perform time integration by physical processes SUBROUTINE: [PHYSCS]

6. advance the time MODULE: [TFILT]

7. Output the data if necessary MODULE: [HISTOU]

8. Output the restart data if necessary SUBROUTINE: [WRRSTR]

9. Return to 3

1.2.3 Prognostic Variables

The prognostic variables are as follows. The values in parentheses are the coordinate system,
and A, ¢, 0,z indicate the longitude, latitude, dimensionless pressure, o, and vertical depth,
respectively. The values in the square brackets are in units of the index.

Element Symbol Unit
Eastward wind speed u (A, p,0) [m/s]
Northward wind speed v (A, 0) [m/s]
Atmospheric temperature T (A p,0) K]
Surface pressure ps (A, ) [hPa]
Specific humidity q (A @,0) [keg/kg]
Cloud water specific humidity L (N p,0) (ke /kg]
Cloud ice specific humidity g (A, p,0) [keg/kg]
Total water PDF variance V(A e,0) [ND]
Total water PDF skewness S (N, 0) [ND]
Variance of liquid potential temperature TSQ (N, p,0)  [K?
Covariance of liquid potential temperature and total water COV (A, ¢,0) [K]
Variance of total water QSQ (A, p,0) [ND]
Tracers - -

Of these quantities, the quantities for turbulence process, T.SQ,COV,QSQ, store only one
step at a time, while the quantities for the atmosphere, u,v, T, ps,q,l,q;,V, S, need to store two
steps at a time. This is due to the fact that the leap frog method is used in the time integration
of the dynamic process of the quantities related to the atmosphere.

The quantities of the atmosphere, u, v, T, pg, q, [, are variables managed by the main routine,
Administration of the Atmosphere'[AGCM5\a]l. On the other hand, the quantities relating
to the earth’s surface and ground, ¢;, V, S, TSQ,COV,Q5Q, do not appear in the main routine,
but are managed by the subroutine MODULE: [PHYSCS] of the physical process.

Tracers include mass concentrations of aerosol species,

10



1.3 Basic Settings

Here we present the basic setup of the model.

1.3.1 Coordinate System

The coordinate system of the atmospheric model consists of longitude A, latitude ¢, and normal-
ized pressure 7 (definitions are given below), each of which is treated as orthogonal. However, z
is used for the vertical coordinate in the ground, which is treated in a land physics component.
Longitude is discretized at equal intervals (SUBROUTINE: [SETLO] in asetc.F).
i—1
1
Latitude grids ¢; are derived from the Gauss-Legendre integral formula (SUBROUTINE: [SETLA]

in asetc.F). This is the zero point of the Legendre polynomial of order J with p = sinp as the
argument (SUBROUTINE: [GAUSS] in uspst.F). If J is large, we can approximate

1 j-1/2\ |
@j—w<2—j J/>, j=1,...J (1.12)

N, =27

i=1,...1 (1.11)

Usually, the grid spacing of longitude and latitude is taken to be approximately equal to J = /2,
based on the triangular truncation of the spectral method.

Air pressure p is defined at half levels (pyi1/2, & = 1,2,... K) using the following formula
using constants Ay /2, Bjy1/2:

Pit1/2 = Apr1/2 + Bri1/2 bss (1.13)

where A5 = Ag 12 =0, Byjs =1, Bgy1/2 =0 and thus py /5 = ps, pgy1/2 = 0. Therefore,
the normalized pressure o = p/ps can be written as below:

Agy1)2

Okt1/2 = + Bjt1/2: (1.14)

S

Furthermore, a hybrid normalized pressure 7 is defined as below:

Akt1/2

Mit1/2 = + Biy1/2,  po = 1000 hPa. (1.15)
Since Ayp41/2, Bit1/2,po are constants, 1,12 is also a constant and we use it as the vertical
coordinate of the atmopheric model. However, as described in Chapter 2, basic equations are
descretized in such a way that 7,1/ does not explicitly appear and oy1/9 is used instead to
commonize source codes with the o-coordinate system used in MIROC 5.
Air pressure py at full levels (pg, k£ = 1,2,... K) is interpolated from half-level pressure as

below:
+1 +1 1/k
1 PZ_1/2 - p:+1/2
P = . (1.16)
14+ K \ Pr—1/2 — Prr1/2

Full-level pressure in a 80-level configuration is shown in Fig. 1. While lower layers follow the
terrain, upper layers are isobaric, and the two are smoothly connected.

All prognostic variables are defined either on a grid of (A, ¢, k) or (Ai, ¢j, 21). (The under-
ground level, zj, is described in the section on physical processes.)

In the time direction, the forecast equations are discretized at evenly spaced At and time
integration is performed. However, At may change in cases where the stability of the time
integration is insufficient.

11
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Figure 1: Default arangement of vertical levels for 80-level simulations.

1.3.2 Physical Constants

The basic physical constants are shown below (SUBROUTINE [PCONST] in apcon.F).

Element Symbol Unit Value
Earth radius a m 6.37 x10°
Gravitational acceleration g m s~2 9.8
Atmospheric specific heat at constant pressure C), Jkg™' K=1  1004.6
Atmospheric gas constant R Jkg ! K=1  287.04
Latent heat of water evaporation L J kgt 2.5 x106
Water vapor specific heat at constant pressure C, Jkg ! K=1 1810

Gas constant of water R, Jkg ! K1 461
Density of liquid water drm,0 kg m~3 1000
Saturated vapor pressure at 0 °C e*(273K) Pa 611
Stefan-Bolzman constant 0SB Wm2K* 567 x1078
Kéarman constant k 0.4
Latent heat of ice melting Ly J kg™t 3.4 x10°
Freezing point of water Ty K 273.15
Constant pressure specific heat of water Cy J kg™! 4200
Freezing point of seawater Ty K 271.35
Specific heat ratio of ice at constant pressure Cr=Cyw—Ly/Tu 2397
Water vapor molecular weight ratio e=R/R, 0.622
Coeflicient of virtual temperature e=¢cl-1 0.606

12



Element Symbol Unit Value

Ratio of specific heat to gas constant k=R/C, 0.286

13



2 Dynamics

2.1 Basic Equations
2.1.1 Basic Equations

The basic equations are a system of primitive equations at the spherical (A, ¢) and 7 coordinates,

given as follows (Arakawa and Konor 1996).

1. Continuity equation

2. Hydrostatic equation

3. Equation of motion

o¢ 1 04, 1 0

ot acosy O B acoscp%(AuCOS(p) ~D(O)

9z u (A, 9@ 4 RTr 4 EY — DD
ot acosp O\ +acos<p8¢( cos @) Vn( + RTr+ E) (D)

4. Thermodynamic equation

oT 1 our’ 10
— = = — —— (T’ T'D
ot acosp O\ a Oy (vT"cos ) +

0T KT on mi) Q  Qasr
i+ B (G +vnvum )+ 20 + &+ S8 o)

5. Tracers

For any tracer whose conservative quantity (e.g. mixing ratio) is denoted as ¢,

dq 1 Ougq 1 0
ot acosp O\ aCOS(’O%(Uqcoscp)—i—qD
.0q
- = -D
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Here,

8p>
(@0),
0 = T(p/po)™", (2.8)
k = R/Cp, (2.9)
® = gz, (2.10)
T = lnpg, (2.11)
. d
i o= dLZ, (2.12)
T, = T(1+ €yq), (2.13)
T = T+T, (2.14)
T = 300K, (2.15)
1 Ov 1 0
= — = — 2.1
¢ a cos p O\ acosgo@cp(ucossp)’ (2.16)
1 Ou 1 0
D = — — 2.1
acosgp@)\+acosgp&p(UCOS(p)7 (2.17)
ou RT" Or
A, = —g2¥_ T F, 2.1
(C+ flv Upm acos(pa/\Jr}" (2.18)
ov  RT' orm
A, = - _p Mo r 2.19
R (2.19)
2,2
g =t ;L“ , (2.20)
U 0 v (0
vV = 2) 4L 2.21
eV acosgp(@)\)a—i_a(&go)o’ (221)
5 1 0? 1 9 5,
= — — — . 2.22
Vi a2 cos? o ON2 +a2 cos @ dp cosgo&P (2.22)

f is the Coriolis parameter. D((),D(D),D(T),D(q) are horizontal diffusion terms, Fy, F,
are forces due to small-scale kinetic processes (treated as ‘physical processes’), @) are forces due
to radiation, condensation, small-scale kinetic processes, etc. Heating and temperature change
due to ‘physical processes’, and S, is a water vapor source term due to ‘physical processes’ such
as condensation and small-scale motion. Qg is the heat of friction and

ov
Qaif = . 8 ) 2.23
i Y < ot )diff (22

(%)diﬁ‘ is a time-varying term of u, v due to horizontal and vertical diffusion.

2.1.2 Boundary Conditions
Upper and lower boundary conditions for the vertical velocity is:
n=0 at n=0, 1. (2.24)

The prognostic equation for ps; and the diagnostic equation for the vertical velocity can be
derived by integrating the continuity equation and applying these boundary conditions.
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2.2 Vertical Discretization

Following Arakawa and Konor (1996) except for using the Lorentz grid, the basic equations are
discretized vertically by differences. This scheme has the following characteristics.

e Conservation of the total integrated mass.

e Conservation of the total integrated energy.

e Conservation of the globally integrated angular momentum.

e Conservation of the total mass-integrated potential temperature.

e The hydrostatic pressure equation is localized (the altitude of the lower level is independent
of the temperature of the upper level).

e For a given temperature distribution, constant in the horizontal direction, the hydrostatic
pressure equation becomes precisely accurate and the barometric gradient force becomes
Zero.

e Isothermal atmosphere stays permanently isothermal.

2.2.1 Model Levels

Model level increases in altitude with the vertical level number k. k = 1/2 corresponds with
the model bottom (n = 1), while £ = K + 1/2 corresponds to the model top (n = 0). Variables
(,D,T,q are defined at integer levels (k = 1,2,... K), while the vertical velocity 7 is defined at
half-integer levels (k = 1/2,3/2,... K +1/2). Using constants Ay, and B/, and variable
surface pressure ps, air pressure at half levels are defined as below:

Prr1/2 = Arr1/2 + Bry1/2 s (2.25)
Thus, the normalized pressure o = p/ps can be written as below:

Apy1/2

Okt1/2 = + Bit1/2- (2.26)

S

Using a reference pressure pg, the hybrid-normalized pressure 7 is defined as below:

Agy1)2

Met1/2 = + Biy1/2, (2.27)

which is a constant at all levels and is used as the vertical coordinate by default in MIROC 6.0.
Pressure at full levels are interpolated from half-level pressure by the following formula:

+1 +1 1/k
1 Pifl/z _pZ+1/2
P = . (2.28)
L+ & \ Pk—1/2 — Pk+1/2

For later use, let us define the following:

Aoy,
ABy,

Ok—1/2 = Ok+1/25
Bi_1/2 = Biy1/2- (2.29)
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2.2.2 Vertical Discretization
Basic equations vertically discretized at the n hybrid coordinates are shown below.

1. Continuity equation and diagnosis of the vertical velocity

K
on
= =" ; {DrAoy, + (vi, - VT)ABy} (2.30)
In MIRCO 6.0, the discretization is conducted in a manner similar to the o coordinate,
which can be optionally selected and was the default in previous versions, to commonize source
codes. Thus, the vertical velocity is represented as ¢ = mn/ps. Furthermore, vertical advection
n(0/0n) is replaced with an equivalent form mn/ ps(a/ o).

. (M) k- 87r
(O' :> TM = _Bk 1/2 Z {DZAUZ + (V[ Vﬂ')ABl} (231)
(m77)1/2 _ (mﬁ)k+1/2 —0 (2.32)
Ds Ds
2. Hydrostatic equation
O = O+ Cploy"—1)Tya
= &, + Cpalel (233)
Oy —Op, = C, ka_m) - 1] Toi+C, [1 - (M> ] Ty
Pk Pk—1
= CpakTv,k + CpﬁkflTv,kfl (2.34)
Here,
ap = <pk_1/2> -1, (2.35)
Pk
B = 1— <p’““/2) . (2.36)
Pk
3. Equations of motion
oG 1 0(Ay)k 1 9
Ot acosp O\ acosgp@go(A wcos @) = DlG) (2.37)
oD 1 0(Aw)k 1 9 9 -
— = A, — i) T KE),) —D(Df2.
T mes o m o (Avcos ) — V(B + RT7 4 (K E)) — D(DAR:39)
(Mmmk—1/2  ug—1 — uy (Mi)ks1/2  wp — uppy ]
A, = —
S (G =+ Fo [ ps  Aop_1+ Aoy, ps Ao+ Aoy
1 On =
T T = 2.
acosgoa)\(c vk — RT) + F. (2.39)
(mM)k—172  vk—1 — vk (MM ks1/2 Ok — Vg1 }
A = — _
(o) (G [ ps  Aog_1+ Aoy ps Aok + Aok
ig” (C,T, 1k — RT) + F, (2.40)
R Bi—1/20k + Bip1/28k
R = Aoy (2.41)
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4. Thermodynamic equation

ot} 1 OuTy, 1 0 , Qr | (Qaigs)k
- - (T Hy, + 2k 4 difik per 2.42
ot acosp O acoscp@gp(vk kcos @) + Hy + Cp * Cp (Te)  (2:42)
Here,
Ni—1/0 Tio1/0 — T : Ty — T
H, = T!Dy - (ma)g—1/2 Th—1/2 — T N (m)ks1/2 Tk — Ty o
Ds Aoy, Ds Aoy,
K
+ {Otk Bk_l/gvk -V — Z(DZAUZ + (Vl . Vﬂ')ABl)
1=k
K
1
+ 5]€ Bk_H/ka V7 — Z (DZAUZ + (Vl . Vﬂ')ABl) } ETv’k
I=k+1 k
Ni_1/0 D10 — T : Ty — T
_ 7Dy (m)g—172 Th—1/2 — Th N (mi)pr172 Te — Thy1/2
Ps Aoy Ps Ao
+RE (v - V?T)Tuk
K T,
—Ql lZ;(DlAO'Z + (Vl . V?T)ABl)A(;k
K T
— By Z (DZAO'Z + (Vl . Vﬂ')ABl)AO’_k, (2.43)
I=k+1
Ty1jp = axTh+ bp1Tho1, (2.44)
k1—1
ar = {1— <p’“> ] : (2.45)
Pk—1
K -1
be = B [(p’“> - 1} . (2.46)
Pk+1
5. Tracers
Oqi, 1 Oukqy 1 0
- = - — -D 2.4
ot acosp O\ a cos  Op (Ukgr cos @) + Rk + S (ax) (2.47)
L[ (m0)k—1/2 qr—1 — qx | (MDk+1/2 G — Qo1
= @Dy — 35 2.4
fi WEET [ Ds Aoy, - Ds Aoy, (2.48)

2.2.3 Differences from the o-Coordinate

In MIROC 6.0, the discretization is conducted in a similar form to the o coordinate. Thus,
differences of discretized equations between the n and o coordinates are relatively small, which
are listed below:

e In the o coordinate, A; /9 is equal to zero at all levels.
e While ABj, and Aoy, are different in the n coordinates, those are equivalent to each other
in the o coordinate.
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2.3 Horizontal Discretization

The horizontal discretization is based on the spectral transformation method (Bourke, 1988).
The differential terms for longitude and latitude are evaluated by the orthogonal function ex-
pansion, while the non-linear terms are calculated on the grid.

2.3.1 Spectral Expansion

As an expansion function, the spherical harmonic functions Y, (\, p), which are eigenfunction of
Laplacian on a sphere, are used. However, p = sin ¢ is used. Y, satisfies the following equation,

m nn+1)_ ..,
V2 =~ Dy ) (2.49)

Using the Associated Legendre function P} it is written as follows.

A ) = Bl (p)e™ (2.50)

However, it is n > |m|.
The expansion by spherical harmonic functions is ,

Yénij =Y, (N, 1) (2.51)
When I write
Xij = X (N, 1) = R] Z Z XY (2.52)
—N n=|m|

The inverse of that is ,

1
X =— du/ dAX (A, )Y, (A, )

" Ay
I J
Z Z XY™ w (2.53)

The formula is expressed as To evaluate by replacing the integral with a sum, we use the
Gauss trapezoidal formula for the A integral and the Gauss-Legendre integral formula for the p
integral. p; is the Gauss latitude and w; is the Gaussian weights. Also, ); is a grid of evenly
spaced Gaussian weights.

Using spectral harmonics transformation, the grid point values of the terms containing the
derivatives can be calculated as follows.

N\*—‘

<8X) = Re Z Z im XY (2.54)

m=—N n=|m|

19



coswa—X =TRe X1 —p iY 4 2.55
e op~ "V

m=—N n=|m|

Furthermore, the grid point values of u,v can be obtained from the spectral components of
¢ and D as follows

0 ima
= R — )Y - ———— DY 2.56
U5 = cos o € Z_anm{ ( :u)alu n ij n(n+1) n nzj} ( )
n#0
vij Z Z _ma_mym @ pmg 2y Dym Lo 57
Cosgo ~ U p(n4+1)" op " Y
n;éO

The derivative appearing in the advection term of the equation is calculated as

1 9A\™ 1 1
<acos<,08/\> 47 d“/ dAacosgoﬁx\Yn

1 1 mx
= du/ dAimA cos QDWYn

- imA;j cos p; Y7, . - (2.58)
Z Z TN Wa(l - )

11]1

4dma
I J
1 0 w;
- i cos @ Yo 2.59
TTr et g (’
Furthermore,
(Vex)" = —— X (2.60)

to be used for the evaluation of the V2 section.

2.3.2 Horizontal Diffusion Term

The horizontal diffusion term is implemented in the form VP as follows.

a2

Np/2
D) = Knin [(—1)ND/2VND _ <2> ] , (2.61)
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D(D) =Kyn [(_I)ND/2VND _ ((122>ND/2] D, (2.62)
D(T) = (-1)NP 2Ky VeT, (2.63)

D(q) = (—-1)N22 Ky VPg. (2.64)

This horizontal diffusion term damps high frequency component occuring aliasing for com-
putational stability. In order to represent selective horizontal diffusion on small scales, 4 ~ 16 is
used as Np. Here, the extra term for vorticity and divergence diffusion indicates that the term
of rigid body rotation in n = 1 does not decay.

2.3.3 Spectral Representation of Equations

1. A series of equations

on K
= - (D™),A
ot ;( n )k? Ok
1 I J
+7 SN Ziyrs s, (2.65)
i=1 j=1
where,
K
Z=-) v-Vm (2.66)
k=1

2. Equation of motion

M 1, W)
ot ijzlm(Au)ijCOS%Y a1 — 12

L) _
i=1 j=1 (1 MJ)
I J "
2 mx* J
—(Dum)n' Gt (2.67)
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+n(n +1)

22 ((I)nm + Cp/%kaTrn ) (DM)mDm (2.68)

where

(Dum)y' = Knn [(W)ND/Q - <52>ND/2] : (2.69)

3. Thermodynamic equation

1-— 15
1 ! 4 m* w]
f;g COSSOJ N])a Y l]a(l_lu?)
1 Qij + Qdiff \ «rms
+f ZZ <Hij + C ) Y, i Wy
i=1 j=1 p
—(Dg)™ T, (2.70)

where,

n(n+1) Nb/2
(Drr) _KHH< 5 ) (2.71)
4. Water vapor formula
aqn _ 1 me Wi
= ZZlmquU cosgon ij 5
i=1 j=1 a(l _“j)
I J
1 0 w;
+= ’U"Q"COSQO‘ — s ) Ym*ij
1 L
TZZ( zy"‘sqw) Ynm*mwa
(D)l (2.72)
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where

7’L(7’L + 1) ) No/2 ) (273)

(DE)nm = Kgn <a2
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2.4 Time Integration

The time discretization is essentially the leap frog scheme. However, backward or forward
differences are used for diffusion terms and physical process terms. A time filter (Williams,
2009), which is a modified version of the Asselin time filter (Asselin 1972), is used to suppress
computational modes. A semi-implicit method is applied to the gravitational wave term to make
the At larger (Bourke, 1988).

2.4.1 Time Integration and Time Filtering with the Leap Frog Method

We use leap frog as the time integration scheme for advection terms and other dynamic terms.
A backward difference of 2At is used for the horizontal diffusion term. The p-surface correction
of the diffusion term and the frictional heat due to horizontal diffusion are treated by forward
differences of 2At¢. The physical process terms (Fy,Fy, @, 5,) use the forward difference of
2At (except for the vertical diffusion term, which uses the forward difference of Fy, F,, @, Sq).
However, the calculation of the prognositc veriables of vertical diffusion is treated as a backward
difference. Please refer to the chapter on physical processes for details.)
Expressing each prognostic variable as X,

XA = KA L 9NN g (XT) + 288X gy (X1HA1), (2.74)

where Xadv is the advection term etc., and Xdi 7 is the horizontal diffusion term.
XAt is then corrected for diffusion (Xgis for p-surface correction and the heat of friction)

and physical processes (X,p,), yielding X+4%,
XHAL = XHHAL L 9NN i (X ”At) + 2At X (X t*“) (2.75)

To damp numerical modes, a time filter (Williams, 2009) is applied to leap-frog method at
every steps. The time filter is given below, where terms with over bars are filtered.

X' = X 4o XD X4 X, (2.76)

XA xtEAL | )[R 9t 4 XA (2.77)

where v = 0.05 and o = 0.5.

2.4.2 Semi-Implicit Time Integration

Basically, the leap frog is used for the dynamic processes, but the trapezoidal implicit scheme
is used for some terms. For a vector quantity q, let us write the value at ¢t as q, the value at
t+ At as qT, and the value at t — At as q~. Then, in the trapezoidal implicit scheme, the time
change term is evaluated for (q™ + q~)/2, instead of q used in the simple leap forg method. We
now divide q into two time varying terms, one (A) for the leap forg method and the other (B)
for the trapezoidal implicit method. We assume that (.A) is nonlinear to q, while (B) is linear.
In other words,

at =q +2AtA(q) + 2AtB(qt +q7)/2, (2.78)
where (B) is a square matrix. Defining Aq = q* — q, we get
(I — AtB)Aq = 2At(A(q) + Bq) . (2.79)

This can be easily solved by matrix operations.
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2.4.3 Applying the Semi-Implicit Time Integration

Here, we apply the semi-implicit method and treat terms associated with linear gravity waves

as implicit, which allows us to increase the time step At.

We divide the basic equation into a linear gravity wave term (7' = T},) with a static field
as the basic field and other terms (with the indices NG). Using a vector representation for the

vertical direction (D = {Dy} and T = {T}}),

or _ (or —-C-D,

oD oD )

= - (=) -ve T — Dy D
- <8t> V(@ + W+ Gr) - DyD,
oT oT

= = (£) —wD-DyT.

ot (81&) = a

Here, the non-gravitational wave term is

or\N¢ K
<8t> = —ka'Vﬂ'ABk,
k=1
(ma) ' ve &
—— =2~ By (?;) ~> " vi-VrAB,
Ps —r
oD\ 1 0(A)k 1 9
(875) ~ acosp O\ + a cos ¢ 8@(A cos )i =V, Ek — DDy,
8Tk Na . 1 8ukT]é 1 0
(61&) T acosg OA acosga&p(vak cos @) + Hy. — D(T).

A~

o, = T,;Dk—[

(mﬁ)k—yz Tk—1/2 — T (mﬁ)k+1/2 Ty — Tk+1/2
+
Ds Ao-k Ps AUk

+IA£]€TU kVE VTI'

U ﬁk
- 1) AB 1) AB
A or kZVl VTI’ 1 — A(fk klzk-i:—lvl VT[' l
Z Do — P, S D+ St Quure (Quiys)
% O P
K
By = Ep+ Y Wu(Tw —T),
k=1

where the vector and matrix of the gravitational wave term (underlined) are

Cr, = Aoy,
Wi = Cpoudp>i + CpBidr—1>1,
Gr = RT,
T
hy = N [ar AoOk>1 + BrAo0k11<1] -
o

Here, 0r<; is 1 if k <1 is valid and 0 otherwise.
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We now use the following expressions for time differences:

1
5 X = - Xt+A7f o thAt 2
yt = % (Xt+At + thAt)
= XA L 5 XA (2.94)

Then, applying the semi-implicit method to the system of equations, we get

S = (‘%> —-c.D, (2.95)
oD 9 =t —t t—At
oD = (- — Vi (®s+ WT + G7') — Dy (D2 + 2At6,D), (2.96)
NG
oT Dt t—At
6T = (= — hD — Dy (T2 + 2At5,T). (2.97)
9t ) na
Thus,
—t
{(1+2AtDy) (1 + 2AtDy )L — (At)*(W b+ (1 + 2AtDy)GCT)VE} D
= (14 2AtDg)(1 + AtDy)D A+ At (8D>
2 t— At oT
— AtV (1 +2AtDg)®s + W | (1 +2AtDy)T + At B
NG
+ (1+2AtDy)G [H-At + At (‘%T) ] } : (2.98)

Since the spherical harmonic expansion is used, we can rewrite V,QI as the following:

n(n+1)

V2 =—
n a2

, (2.99)

which enables us to solve the above equations for Wt. Then, using (2.95), (2.97) and D4t =
9D’ — DAt we can obtain the value of prognostic variables X2t at ¢ + At.

2.4.4 Time Scheme Properties and Requiments for Time Steps

Let us consider solving the advection equation with the leap-frog method:

0X 0X

Assuming X = X exp(ikx), the descretized form of the above equation becomes:
X = Xl 2ikAtX™ (2.101)
Assuming X evolves exponentially, we can define A such that

A= X xn = xn/xnh (2.102)
A= 14 2ikeAt) . (2.103)

Defining p = kcAt, the solution becomes:
A= —ipE+/1—p2 (2.104)
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The absolute value of those solutions are

1 <1
A = { Pl < (2.105)

pEVPE—1 [p|>1

and in the case of |[p| > 1, we get |A] > 1, and the absolute value of the solution increases
exponentially with time. This indicates that the computation is unstable.

In the case of |p| < 1, however, the calculation is neutral since the value of |A\| = 1. However,
there are two solutions to A, one of which, when set to At — 1, leads to A — 1, while the other
leads to A — —1, which indicates an osscilating solution. This mode is called “computational
mode” and is one of the problems of the leap frog method. This mode can be damped by
applying a time filter described later.

Given the horizontal grid spacing Ax, the maximum value of k£ becomes

T
k=—. 2.106
max As ( )
Then, the condition |p| = kcAt < 1 requires
A
At < 22 (2.107)
me

In case of a spectral model, using the Earth’s radius ¢ and the maximum wavenumber N,
the requirement becomes
a
Ne'
which is a condition for the numerical stability.

At < (2.108)

To guarantee the stability of the integration, one needs to take the time step At smaller
than that required by the fastest-propagating mode. If the semi-implicit scheme is not used,
the propagation speed of gravity waves, which can be as fast as 300 m/s, sets the criterion for
stability. With the gravity waves taken account of by the semi-implicit method, however, the
fastest mode usually becomes the maximum easterly wind Up,ax. Therefore,

At < .
NUmaa:

In practice, this is multiplied by a factor smaller than 1 for further safety.

(2.109)

2.4.5 Handling of the Initiation of Time Integration

When starting from an initial condition that is not calculated by MIROC 6.0 itself, it is not
possible to give values of all prognostic variables at two time steps ¢ and t — At consistently
with the model dynamics. However, giving inconsistent values for ¢ — At results in a large
computation mode.

To avoid this, a special procedure is followed at the initiation of time integration. Firstly,
assuming X At/ — X0 a1 /4-step integration is performed to obtain X At/2,

XA = X0 4 At/2XAY = X0 4 At/2X0, (2.110)
Then, a 1/2-step integration is performed to yield X4%:
XA = X0 4 ALX A2, (2.111)
Finally, in the normal time step,
X288 = X0 L oAtX A, (2.112)

From here on, the leap-frog method is executed in the usual manner.

27



2.5 Tracer Advection Scheme
2.5.1 Introduction of Tracer Advection Scheme

MIROC6 adopts a spectral method based on Spherical harmonic expansion to dynamic core.
The spectral method is an excellent method, but it has some drawbacks.

1. Because of Gibbs phenomenon, noisy oscillations are produced when representing a non-
smooth field.

2. Associated with Gibbs phenomenon, negative value may occure on grids where they are
not supposed to such as, eg., specific humidity.

3. Global conservation of conservative quantity is good enough, but local conservation does
not always hold.

4. The property that information is transmitted from upstream to downstream is not always
satisfied. In spherical model, information travels instantly to the other side of the world.

Despite of these disadvantages, MIROC has adoptted spectral method as dynamic core. Gibbs
phenomenon usually doesn’t cause any problems. However, when describing the transport of ma-
terials with strong discontinuity, the noisy oscillation and unexpected negative values sometimes
appear. For example, water vapor in polar region and the stratosphere often shows discontinu-
ous distribution because there is very small amount of water vapor. Tracers such as aerosols are
also distributed locally and often show large discontinuity. These tracers are easy to affected
by Gibbs phenomenon. Therefore, in MIROCG6, water vapor transport and tracer transport are
calculated using a flux form semi-Lagrange (FFSL) scheme (Lin and Rood 1996) instead of using
the spectral method.
Merits of this scheme are described below.

1. Gibbs phenomenon doesn’t occur because it’s based on gridpoint method. Therefore,
non-smooth fields can be represented with better accuracy.

2. Negative values of tracer quantity can be avoided even in unsmooth fields.

3. No new extreme values are created.

4. Information is transmitted from upstream to downstream.

5. Conservation is satisfied locally and globally.

6. Problems which is induced by narrow grid range in polar region can be avoided.

In the next section, the principle of the tracer advection scheme is introduced in detail, and in
the following section, we describe the actual implementation of the tracer advection scheme.

2.5.2 Principle of the Tracer Advection Scheme
2.5.2.1 Transport Equation in Flux Form

The winds and the tracer distributions are staggered in the Arakawa C-grid (Mesinger and
Arakawa 1976). As example, three dimension advection equation in (x,y,p) rectangukar coordi-
nate system is given as follows.

9¢ _ 9q¢ dq  Oq

—UuU— —

= 2.11
ot ar oy " op (2.113)
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Here, ¢ is the amount of tracer (ex. specific humidity for water vapor), u,v is zonal and merid-
ional velocity respectively. By substituting continuity equation to this, we get the advection
equation in flux form.

dq 0 0 0 0 0 0

—=—-———(uq) — —((vq) — —(wq) = ——F* — —FY — —F? 2.114

9t 5 (14) 8y( q) 8p( q) B 9y o ( )
Discretizing by « = z;(1 = 1,2,3...),y = y;(j = 1,2,3...),p = pp(k = 1,2,3...), the advection
equation is rewritten as

ot Az (Fi—%d}k B Fz’+$,j,k) + Ayi ik (Fi,j—%,k B Fz’,j—&-%,k) + Apijk igk—1 Fi,j,k—i—%)
(2.115)

Here, Ff_ ik
27 b
is x-direction width of grid represented as (4,7, k). This flux formed equation automatically

satisfies the conservation law. The accuracy of the scheme depends on how Ff_ 1k is chosen.
9.y
Next, how Flz_ 1k is determind in MIRIOCEG is explianed in one dimension in x-direction, for
30>

is the flux in 2 direction at boundary between (i,j,k) and (i — 1,7, k), Ax;

simplicity.

2.5.3 The Piecewise Parobolic Method Scheme

In semi-Lagrange scheme, the flux at point z, 1 at time ¢ is calculated by using ¢ at point
2
ip1 — uAt at time ¢ — At. The velocity u = u(t) is used assuming constant locally during this
2
period, and ¢ at time ¢t — At are used. If CFL condition (VZ—A;\ < 1) is satisfied and U1 > 0,

X

Tip1 — uAt is at a point inside grid i.

As the value of ¢ at point z; 1= uwAt, g;, which is the average value of point 4, can be chosen,
assuming that ¢ is constant in the grid.

However, the value of ¢ shows large discontinuity at i + %, which is the boundary between
grid ¢ and ¢ + 1 in this assumption. This discontinuity strengthens numerical viscosity, and is
unwanted for numerical experiments. Therefore, we want to give some kind of distribution to ¢,
which is assumed to be constant in a grid, in order to eliminate the discontinuity and enable us
to calculate ¢ at z, L= uAt by interpolation. Given distribution must be satisfied a condition
as follows.

P /IH% (x)dz (2.116)
q; = Az ), q .

The old editions of MIROC adoptted van Leer method, in which interpolation function is a
linear function, but MIROC6 adopts The Piecewise Parobolic Method (PPM) scheme (Colella
and Woodward 1984) , in which interpolation function is a quadrative function (Fig.2). The
FFSL scheme which adopts PPM scheme is called FFSL-3 (Lin and Rood 1996).

In PPM scheme, the distribution is determined as follows.

q(z) = qri +&§(Ag +g6,i(1 =€)
T—x, 1

gZTwi’xi_

(2.117)

<z <z1
2

=

Here, qr,; is defined as lim,_,, = qL,i- qR, is defined as limgc_>ng+1 = qr,; as well. In PPM
k)

it
scheme, ¢ is continuous at boundary i + %, therefore g1, i+1 = qr: = q;, 1 is hold. In addition,

1
Agi=ari—qri 465 = 6(a — 5(ar.) + ari) (2.118)
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Figure 2: The image of interpolation function in The piecewise parobolic method (PPM) scheme.
The interpolation function is in the solid line, the grid mean value is in the dot line.

For calculationg g; 1 by interpolation, a finite integration of ¢ given as follows is introduced.

Az) = /:c q(z')da’ (2.119)

At boundary of grid,

Az 1) = Ay =Y arday, (2.120)

Giy1 is calculated by discretization of iyl = dA/dx|xi+% by using (Aj+k+%,xj+k+%), k=

0,+1, £2. Specifically, g;, 1 is calculated as follows.
2

Qi+1 — i 1
%Gyl =0+ Ax; Azi1 £ Ax, AN
" 20z Axip Az + Az Azigo + Az
Axip1 + Ax; Az + 20z 2Axm01 + Axy
A Az + Aziy Aziro + Azip

, Sa Az )
In case the grid width is equal in all grids, Eq.(2.121) can be simply rewritten as

1 . 1
%41 = 5(%’71 +qi) — 6

)(Giv1 — @) (2-121)

(0g; — dgqi—1) (2.122)
Here, d0¢; is given as

B Ax; 2Ax; 1 + Axy
AT+ Az 4+ Axigr | Az + Ay

However, in this case, the interpolation function may have extremes in the grid and may not
satisfy monotonicity. In order to avoid such a situation, ¢; 1 should be between ¢; as ¢;+1, and
2

(g1 — @) + ﬁ(fh - qi—1)] (2.123)

dq;

dq; is modified as follows for that.

Omqi = min(|0g;|, 2|g; — gi—1], [gi+1 — @l) if  (gi+1 — @)(@ — gi-1) >0, (2.124)
=0 otherwise .
This dg; is used in Eq.(2.121) to calculate g;_ 1.
2
When ¢(x) is interpolated as Eq.(2.117), by using Courant number defined as
w,, 1AL
C = 3 (2.125)
Azt
flux F'* | is wriiten as follows.
i+5
o _ ) tlari - 5(Ag — (1= 3C)g6,)] (411 20) (2.126)
. 1 — .
i+3 i alariva + S(Agiy1+ (1= 2C)gs,i+1)] (41 <0)
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2.5.3.1 Devices for Taking Long Time Steps

The above argument is stable only if C < 1 When the grid method is adapted to spherical
coordinate, Az is very small in polar region. Therefore, we have to take very small At to satisfy
CFL condition. The special treatment when C' > 1 for taking larger At are described below.
Although this method is used for any grid widths, in this subsection we assume that Az does
not depend on ¢ for simplicity.

Courant number can be divided into a integral fraction and a decimal fraction.

C=1Ic+C, Ig:aninteger fraction, —0.5<C <0.5 (2.127)
When I >0
N : Ax;
X - . 71
Fly=F o+ > N (2.128)
i'=i+1—I¢
When Io <0
i+|Ic| Au
v e ” BT
F;—% - Fig:—ﬂcl-l-% + ZIQZ At (2.129)
i =i+

, is the flux of point (i — I + %) calculated by using C.

Where Ff_ ;C 1

As indicated above, in the case the fluid moves in multiple grids during At, we can avoid
instability of numerical calculation by evaluating the flux using the quantity gy corresponding
to each grids passed. In actual, these argument is applied only to zonal flux, which can break
CFL condition.

2.5.3.2 The Treatment of Cross Terms

In the case velocity of the fluid is not only in the x-direction or y-direction, only adding
the flux contributions in the x- and y-directions together underestimate the effect of diagonal
advection. To take these cross term into considering, the following procedure is taken. Here, we
discuss this in two-dimensional space, not in one-dimensional.

When calculating x-direction flux FZ i 15 upstream value of ¢ in y-direction is used as value

of ¢. That is expressed by the following equation.

1
—q(z5,y; — vi jAL) + ¢ (2.130)

y o
qi,j—2

Here, q(z;,y; —v; ;At) is calculated by linear interpolation of the two nearest grid points. In the

same way, when calculating y-direction flux F*

z+%,j’
. 1
Gy = 5alwi —ui At yi) + ai (2.131)

is used as q.
In the case of three dimensional tracer advection, this procedure is conducted in two dimen-
sion.

2.5.4 Actual Tracer Advection Scheme in MIROCG6

In this subsection, the procedure implemented in MIROCG of the tracer advection scheme is
described. Although MIROC6 adopts o-p hybrid coordinate as vertical coordinate, the tracer
advection scheme is largely based on o coordinate because previous version of MIROC adopted
o coordinate. Therefore, firstly the procedure under o coordinate system is described. After
this, the changes in the hybrid coordinate system from the o coordinate system is described.
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25.4.1 o-Coordinate

The transport equation in o coordinate on the sphere is expressed as

OP%q 1 0, g 1 9, g o
ot _acos<p$(P “ _(ZCOSQD%(P vqcos¢)—a7(p oq)

— 19 1 90 o,

B acosgpa(F) acosgp%(F) %(F) (2.132)

P9 is surface pressure, ¢ is quantity of tracers. Continuity equation is given by considering the
case of ¢ = 1.

ot _acosgoa)\

opPS 1 0 1 9 0

—~(P%u) — —(P® — —(P% 2.133

(o) — oo (Poucos ) = o (PS5) (2.133)

Assuming that grid is equally spaced in zonal direction, the transport equation is discretized as
follows.

0P 1k 1
) Jzk ¥:J5 . A A %2 %2 o (o2
ot B ADJ,k[(G 27]7k GH-Q,],k)—i_(Gi,j—%,k_Gidq_%,k)) (G 7]7k_7 -G i,k +%)] (2134)
Here,
Gf\—E,j k z——,] kAy]Aak - (P uq)z %,j,kijAo-k’ (2135)
® ® _ s
G’ ig-L Fz‘,j—%,kAIj*%AUk = (P vq)m;%’kA%;%Aak (2.136)
Gl iy = Bl 1 AnjAy; = (P6q), 5, 1 Az Ay, (2.137)
And
AD;j ) = acos pjANA@; Aoy, Axj; =acosg;AN, Ay = alyp; (2.138)

This flux form equation ensure the conservation.

For the calculation of the time-averaged mass flux across the cell boundary, the winds and
the tracer distributions are staggered in the Arakawa C-grid (Mesinger and Arakawa 1976). The
horizontal winds at the cell boundary, u,_ 1jke Vil g ATe reconstructed by using the mass
convergence field in the spectral model and the discretized continuity eqution:

OP; 1
J’f A A @ R Va4 o R V4%

gt~ A0 Vi tan = Vingaw) F Vo = Vi) + Wy = Vi)l (2139)
Here, V’\ ,V.“‘7 ,V? | denote zonal, meridional, and vertical mass-weighted wind at the

gk -tk k-1

277 2 2 2

cell boundary, rspectively. That is,

Vﬁ,ﬂk (Pou), 1 kDY Aoy (2.140)
VLZ 2,k (P U)Z]_; kAa; %Ank (2.141)
Vit = = (P56); j -1 Axj Ay (2.142)

ADj} denotes the cell volume, and Az;, Ay;, and Aoy, denote zonal, meridional and vertical
width of the cell, respectively. That is AD;; = acospjANAp;Ac, Ax; = acosp; AN and
Ayj = alp;.

The following are the procedure for the calculation of tracer advection in the staggering-
grided horizontal and vertical wind fields:
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1. Surface pressure P(t + At) and horizontal wind v(t 4+ At) are predicted in the spectral
model.

2. The horizontal component of mass flux divergence at time step t is calculated by using
spherical harmonics. The mass fluxes at time step ¢ are reconstructed from the values at
t + At and t — At because MIROC applies semi-implicit scheme for the time-integration
of surface pressure. Zonal and meridional component of mass flux divergence are:

1 9 1 9
C*=— —(P? CY=— —(P? 2.143
acosgo@)\( w), acoscpa)\( veos ) ( )
3. By using C, and C, VA V¥,V are calculated as follows.
A A b A A
Vit sin = Vs n = ClpBDins Vi 1y = Vigin, = ClinADj (2.144)

The boundry conditions are V¥ = 0 at the North Pole and South Pole, ¢ = 1 at surface
and V =0 at 0 = 0. The condition for V* = 0 is:

Z i—5.0k Z JkumkAyJAak (2.145)

That means zonal mean of zonal mass transport is equal to that in the spectral model
grid. Here, the following equation must be satisfied for boundary condition V¥ = 0 at the
North Pole and the South Pole.

Z CY W ADj i =0 (2.146)

However, this is not always satisfied (On the other hand, >Z, >, C?.,AD;; = 0 is valid

1,7,k
within numerical error.).

In order to satisfy the boundary condition, the following correction is made.
—6C, C’yJ p < Clip+0C (2.147)

Here, 6C =3, C/,  ADj /> ADj. Vertical velocity V7 is obtained by using

2]k

’f’ ZADJ = Z Ciin+Clip) (2.148)

(The contents so far are in [TRACEG] of dtrcr.F. The rest of the content is in [GTRACE]
of dtrer.F.)

4. G*,G?,G° are calculated by PPM scheme from VA, V¥, V7.

5. P7; 14k at time step ¢+ At is calulated by integration of Eq.(2.134) by leap frog method

2,7,

from G*,G¥,G°.

6. gi+ae is calculated by dividing (P*q)¢yat by Py . A¢- There is small quantity of difference
between P7, ., from Eq. (2.148) and P/ A, in the spectral model, because semi-implicit
time integration scheme is applied. P A, from Eq. (2.148) is applied at present for
the consistency of mass advection. Mass Conservation is not strictly satisfied because of
the discrepancy between the surface pressure in the spectral model and from P} 5, Eq.
(2.148).
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2.5.4.2 o-p Hybrid Coordinate

The transport equation in 7 coordinate (o — p hybrid coordinate) on the sphere is:

dmgq 1 9 1 o
ot _acosgoa(muq) magp(qucosw)_(%(mnﬁ

S NN DL SRS

B acosgaax\(F) acosgpa(p(F) 617(F) (2.149)

Here, m corresponds to the density of the coordinate and is defined as m = g—f]. if you look

at Eq. (2.132), you can find that difference of o coordinate and n coordinate is only that P9
replaces m. The actual tracer advection in 77 coordinate is mostly the same as o coordinate.

In the scheme in 7 coordinate, the following variables are calculated in the same way as the
way G, G¥,G" is calculated in o coordinate, except Ao replaces with An and & replaces with

7.

Gy, = (Pug),

/ S
i—1 5k Ay;Any, G;’Pj = (P UQ)i,j_%7kA$j_

i—3.0,k Lk i ijk—1
(2.150)
In the time integration step, multiplying G/ by m/P*%, G*, G®, G" is calculated. After that, mq
at time step t + At is calculated by leap-frog method as well as ¢ coordinate.
In actual source code, conbining to dividing by m to calculate g at time step ¢ + At, ¢ at

point (7, j, k) in time step ¢ + At is calculated as follows.

pawe :AAk + ABy, PZZ]} & qt—At I 27&
AAy + ABp PPN AD
UG o= Oy ) T (O — G (G — Gk @151
y AA; + ABkPZ-’M 1
P AAy+ ABy P

Here, A, B is the coefficients for n coordinate, Moyl = Ak+1/p0 + Bk+1 and AA, = A, 1=
Ay 1, ABp=DB,_1— And AA; + ABkPS k= = Ap; j(More details in the sectlon of
2 2

the vertical discretization).
2.5.4.3 The Mass Fluxes into/out of Polar Caps

k+2

The mass fluxes into/out of polar caps are calculated by using the semi-Lagrangian scheme
in the polar stereo projection (cf. Fig.3). The horizontal average at the highest latitude band is
assumed to be preserved before/after flux calculation for the mass conservation. The sequence
of calculation is:

1. Zonal average of P%q at time step ¢ is calculated at the highest latitude band (J =inN,Js)s
and is assumed to equal P°¢ at the pole.

2. Horizontal wind at the highest latitude bands is projected into the orthogonal coordinate
system centering around the pole, and ¢ at time step ¢+ At is estimated by using the value
at the “departure point ~

3. Zonal anerage of P%q at time step t + At is fixed to that at t.
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Figure 3: Conceptual figure for the flux on pole-most grids.
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2.6 Summary of the Dynamical Core

In this section, we enumerate the calculations performed in the dynamical core, although they
overlap with the previous descriptions.

2.6.1 Conversion of Horizontal Wind to Vorticity and Divergence

Obtain grid point values of vorticity and divergence from the grid point values of w;;,v;; for
horizontal wind. First, we obtain the vorticity and divergence in spectral space, (", D},

I J I J
1 w; 1 0 W
m_ 1 o e W 1 3 (1= 2y Lyms Y 5159
Cn I;;lmv”COSQDJ n Ua(l—/j?)—i_I;;u”COS@]( :U’j)au n z]@%v )
1 - w; 1 0 w;
D" = - imu;; cos Y ——F = vij cos @, (1 — uz)—Ym*uﬂj 2.153)
n I;; ] J n lja(l_ug) I;; %] J 7 a'u n ”a(l—,u?
The grid point value is calculated by
N N
Gi=Re > > MV, (2.154)

m=—N n=|m|

and so on.
Corresponding file & subroutines: [G2Wpush, G2Wtrans, G2Wshift, W2Gpush, W2Gtrans,
W2Gshift (xdsphe.F)]

2.6.2 Calculating a Virtual Temperature

virtual Temperature T, is ,

T, =T(1+eq—1), (2.155)

However, it is €, = R,/R — 1 and R, is the gas constant for water vapor (461 Jkg=!K~!)
and R is the gas constant for air (287.04 Jkg=!K~1).
Corresponding file & subroutine: [VIRTMD (dvtmp.F)]

2.6.3 Calculating the Pressure Gradient Term

The pressure gradient term Vr = %Vps is first used to define the 7"

I
1 k
T, = 722(111]95)175/7:” i W5 (2.156)

to a spectral representation and then ,

1 o 1 N N ~
o). = R mX " 2.157
acos p (8)\>ij acos ¢ € Z Z im XY, ( )

m=—N n=|m)|
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1 /0m 9 m
a(&o)zj:‘mos‘/’ © Z Z 7Yn v

m=—N n=Jm| O

Corresponding file & subroutine: [PSDOT (dgdyn.F)]

2.6.4 Diagnosis of Vertical Dlow

Pressure change term, and lead DC,

K
)
577; = Y {DyAoy, + (vi.- V) ABy}
k=1
(M) k—1/2 87r

Ps

and its non-gravity components.

or\ V¢ K
(8t> =— ka - VrABy,

k=1

K

(mn)kNﬁ/g or\ V¢
7})5 = —DBj_1)2 <8t> - ZZ; v - VrAB,

Corresponding file and subroutine: [PSDOT (dgdyn.F)]

2.6.5 Tendency Terms due to Advection

Momentum advection term:

=—Bi12g, Z{DZAUZ+(VI V) AB}

(MmMk—1/2  up—1 — uy (MM k172 uk — Ugg1 ]
Au)p = -
(Aui (G & F [ ps  Aop_1+ Aoy Ds Aoy + Aogyq
1 oOrn -
- aCOS(pa/\(C Tvk,‘i RT)-F]:x
(MMg-1/2  vk_1 — vk (MMrt1/2 vk — Vg
A= - -
(Ao (Ge - f [ Ds Aop_1+ Aoy, Ds Aoy + Aokt
107w -
— a(? —(CpTy xk — RT) + Fy

Temperature advection term:

(uT')k = uk(Tk — T)
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|
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(T )k = vp(Ti = T) (2.166)

(mi)k—1/2 Ti—1/2 — Tk N (mi)gs1/2 Te — Thpr o

Hy = T, Dy, —
b Ps Aoy Ds Aoy
- T
+ Rpvg - Vﬂ'Tv’k — O Z(DZAUZ + (Vl : VW)ABZ) vk
P Aoy
K T
— B Y (Didoy+ (vi - V) ABy) A“”“ (2.167)
o
I=k-+1
Water vapor advection term:
(uq)k = ukqr (2.168)
(vq)k = vk (2.169)
LIme—1/2 qr—1— @~ (MMDky1/2 @ — Qe
Ry =q Dy — = + 2.170
2 Ps Aoy, Ds Aoy, ( )
Corresponding file & subroutine: [GRTADV, GRUADV (dgdyn.F)]
2.6.6 Transformation of Prognostic Variables to Spectral Space
(122) and (123).
Transform ufj_At, vfj_m to a spectral representation of vorticity and divergence (", D]"*. Fur-
thermore, transforming the temperature T2, specific humidity ¢*~?*, and 7 = In pg_m to
1 L
X" = YZZXMY,?*U%, (2.171)
i=1 j=1
to a spectral representation.
Corresponding file & subroutine: [G2Wpush, G2Wtrans, G2Wshift (xdsphe.F)]
2.6.7 Transformation of Tendency Terms to Spectral Space
Tendency Term of Vorticity
I J
s P -
= = im(Ay)ij cos ;Y™ ———
ot I~ = a(l — u3)
1 1 J W
- Ay)ijcos (1 — p3) — Y, 1 2.172
+ I;;( )l] COSQDJ( /’Lj)a ”a(l—,u?) ( )



The non-gravity wave component of the tendency term of the divergence

oDy " = 1ZI:Zim(A )ij cos p; Y, . -
o ) T T4 W eI g (1= )
i=1 j=1 J
1 w
B Z Z(A”)’j cos p;(1 — u?)—Ynm*U .
I i=1 j=1 0 a(l— :U’j)
I J
- =3 SN EGY ;s (2.173)
i=1 j=1

The non-gravity wave component of the tendency term of temperature

[

o\ N¢ L :
( 8t > I lm u Z] COS 80] 7(1 — /JJ])

i=1 j=1

EJ vT") cosw(l—u)aY”* —_—
)ij J j ij 2
— ou Ta( j)

I J
+ % Z Z (2.174)

I
g 1 W
n_ o __ - ; mk 7]
o = 7 g E im(uq)i; cos ¢;Y, i M])

—_

0 s
+ —ZZ vq)ij cos (1 — Mj)a,uy Ja(l—p?)
j

=1 j=1
J

+ YO Ry, (2.175)

=1 j=1

~

—_
~

~

Corresponding file & subroutines: [G2Wpush, G2Wtrans, G2Wshift (xdsphe.F)]

2.6.8 Time Integration in Spectral Space

Equations in matrix form

{(142AtDg) (1 4 2AtDy) L — (AW b+ (14 2AtD))GCT)V2I D'

= (1 + 2AtDy)(1 — AtDy)D A 4+ At (%?)

_AtV§{(1+2AtDH)<I>S+W [(1_2At'DH)Tt At A (%f) }
t—At on
+(1+2AtDH)G{ + At <6t> H (2.176)

39



Using LU decomposition, D is obtained by solving for

oT oT

5= <m> — hD (2.177)
o or

5 = (at> ~C-D (2.178)

Calculate the value of the spectrum in 9T /0t, Or/0t and then calculate the value of the
spectrum in ¢ + At using

g“Aﬁ:<G‘“+2Af§>u+aAﬂnnl (2.179)

DAt — 9p — pt—At (2.180)

THAL = <Tt“ - 2At%1;> (14 2AtDy) ! (2.181)
gtet = <qt—At + 2Atg;]) (14 2AtDg)~"

pitAl — pt=At 4 2Azt887tT (2.182)

Corresponding file & subroutine: [TINTGR (dintg.F)]

2.6.9 Transformation of Prognostic Variables to Grid Point Values

Obtain grid values of horizontal wind speed from the spectral values of vorticity and divergence
(G DY) wig, vij.

1 a 0 ima
= _t a2 =ym - % _pmym 2.1
u] COSngRe Z Z {n(n+1) n( 2 )aM n ij n(n+1) n-n z]} ( 83)

n#0
a ~ 0
mym — ————DM(1— p®) Y b (2184
Vij = COS(,O eZNZ{ n+1 nn i n(n+1) n( M)aﬂn”} ( )
n#0
Furthermore,
N N
T;=Re Y Y TV, (2.185)
m==N n=|m|
T;j,mij, qij, and so on,
DSij = €XP Tij (2.186)

to calculate.
Corresponding file & subroutines: [W2Gpush, W2Gtrans, W2Gshift (xdsphe.F)]
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2.6.10 Diffusion Correction along Pressure Level

The horizontal diffusion is applied on the surface of n—plane, but it can cause problems in large
slopes, such as transporting water vapor uphill and causing false precipitation at the top of a
mountain. To mitigate this problem, corrections have been made for T', ¢, [ to make the diffusion
closer to that of the p surface, e.g., for T', ¢, .

Jo oT
Np/2 Npm Np/2 N Np/2 N
Dy(T) = (-1)No2PKVIPT ~ (—1)No/ KVWDT—a—p(—l) o/ KVyPp: o
or
Np/2 N, Np/2 N
= (~)Ne2gRVYeT — (—1)Np/ KVyPm- o
= D(T)—D(ﬂ)ogz; (2.187)
So,
Ty + Tj, — 2AtakMD(w) (2.188)

Ok+1 — Ok—1

and so on. In D(7), the spectral value of 7 is converted to a grid by multiplying the spectral
value of 7" by the spectral representation of the diffusion coefficient.
Corresponding file & subroutine: [CORDIF (ddifc.F)]

2.6.11 Frictional Heat Associated with Diffusion

Frictional heat from diffusion is ,

Qprr = — (uiD(u)ij + viD(v)i5) (2.189)

It is estimated that Therefore,

2At
Ty < Ty — 7 (UU'D(U)U + Uz’jD(U)ij) (2.190)
p

Corresponding file & subroutine: [CORDIF (ddifc.F)]

2.6.12 Horizontal Diffusion and Rayleigh Friction

The coefficients of horizontal diffusion can be expressed spectrally,

+1 Np/2 9 Np/2
Dy = Ky [(n(naz )> - <a2>

n(n + 1)>ND/2
2

+ Kp

DH?:KM( .

”(”JFU>ND/2 (2.191)

a2

DEf:KE<

Kp is the Rayleigh coefficient of friction. The Rayleigh coefficient of friction is
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Kp=KY [1 + tanh (z — ZR)] (2.192)
Hp

However, the profile is given in the same way as However,

z=—Hlno (2.193)

The results are approximate to those of K% = (30alay)_1 and zr = —H Inoyyp. The standard
values are K% = (30day)_1, 2p = —HInoyey, (01op: top level of the model), H = 8000 m, and
Hpr = 7000 m.

Corresponding file & subroutine [DSETDF (dsetd.F)]

2.6.13 Time Filter

To reduce numerical mode associated with leap frog scheme, time filter is applied every time
step. MIORC6 used modified Asselin time filter (Williams, 2009), which is updated version
of Asselin(1972) used previous version of MIROC. Although Asselin time filter attenuate high
frequency physical mode, bringing low accuracy of leap frog scheme, current time filter succeeded
in suppressing it.

Modified Asselin filter is expressed as following equation

X' = X'+ va[ XA —oXt 4 XA (2.194)

XA = XHAL L (1 — ) [XIAT — 2X 4 XIHAY (2.195)

where bar indicates time filter. The parameters set to v = 0.05, & = 0.5. Assuming o = 1,
modified Asselin filter is same as Asselin filter.
In the model,

X" = (1 —va) (1 - 2va) X! + vaX' 2 (2.196)

is firstly calculated at MODULE: [DADVNC] where transformation of prognostic variableto grid
point values. And then, X*~2" — 2X* is stored. When the X**4! is obtained later, time filter
conduct at MODULE [TFILT],

X! (1 —va) X" 4+ va XA (2.197)
XA = XTHAL L (1 — ) [ XA - 2X 4 XA (2.198)

Corresponding file & subroutine: [DADVNC (dadvn.F)]

2.6.14 Correction for Conservation of Mass

In the spectral method, the global integral of @ = Inpg is preserved with rounding errors
removed, but the preservation of the mass, i.e. the global integral of pg is not guaranteed.
Moreover, a wavenumber break in the spectra sometimes results in negative values of the water
vapor grid points. For this reason, we perform a correction to preserve the masses of dry air,
water vapor, and cloud water, and to remove the regions with negative water vapor content.
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Before entering dynamical calculations, [FIXMAS], the global integrals of water vapor and
cloud water are calculated for M, M;.

Mg = ZQPSA)\iijUk (2.199)
ik

M =" IpsAliw; Aoy (2.200)
ijk

In the first step of the calculation, the dry mass M, is calculated and stored.

M) =Y (1-q—psArw;Acy, (2.201)
ijk
After exiting dynamical calculation, [MASFIX], the following procedure is followed.

First, negative water vapor is removed by dividing the water vapor from the grid points
immediately below the grid points. Suppose that g < 0 is used,

¢ =0 (2.202)
Tooy = Q-1 + B0 Qe (2.203)
Apg—1

However, this should only be done if it is ¢,_; > 0.
Next, set the value to zero for the grid points not removed by the above procedure.

3. calculate the global integral value of M, and multiply the global water vapor content by
a fixed percentage so that it is the same as that of Mg .

MO
=44 (2.204)

q M,

4. correct for dry air mass Likewise calculate My,

MO
1" d
Ps A [dpS ( )

Corresponding file & subroutine: [FIXMAS, MASFIX (dmfix.F)]
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2.7 Computational Flow of Dynamical Core

In this section, calculations of dynamical component based on coding are summarized. [module
name (file name)]

2.7.1 Overview of Dynamical Core

1. Calculate dynamical term [DYNTRM(dterm.F)]
1.1 Calculate volticity and divergence on wave space and get grid value. [G2W, W2G(xdsphe.F)]
1.2 Diagnose stream function and potential velocity [DYNTRM(dterm.F)]
1.3 Diagnose surface pressure advection, its tendency & vertical flow [PSDOT (dgdyn.F)]

1.4 Calculate factor for hydrostatic eq. & interporation of temprature on Hybrid coord.
[CFACT (dcfct.F)]

1.5 Calculate virtual temprature [VIRTMD (dvtmp.F)]

1.6 Calculate temperature advection [GRTADV(dgdyn.F)]
1.7 Calculate momentum advection [GRUADV(dgdyn.F)]
1.8 Spectral transform of tendency terms [G2W(xdsphe.F)]

2. Time integration of equation DYNSTP (dstep.F)
2.1 Calculate tracer transport [TRACEG(dtrcr.F)]
2.2 Time integration on wave space [TINTGR(dintg.F)]
2.3 Time integration of tracer terms [GTRACE(dtrcr.F)]
2.4 Time filter [DADVNC(dadvn.F)]
2.5 Get horizontal wind of grid value from wave space [W2G(xdsphe.F)]
2.6 Correction of pressure-level diffusion [CORDIF(ddifc.F)]
2.7 Correction of horizontal friction heating [CORFRC(ddifc.F)]

44



3 Physics

3.1 Overview of Physical Parameterizations
As a physical process, we can consider the following

Cumulus convection
Shallow convection
Large scale condensation
Cloud microphysics
Radiation

Turbulence

Surface fluxes

Gravity wave drag

We compute the time-varying terms F, F, @, M, S for the prognostic variables from these
processes, and perform time integration.

3.1.1 Time Integration of Physical Parameterizations

NOTE: the descriptions in this section are outdated.
In terms of time integration of predictors, we can classify the physical Parameterizations in
the following three orders of execution.

1. Cumulus convection, shallow convection, large-scale condensation, and cloud microphysics
2. Radiation, turbulence and surface fluxes
3. Gravitational wave drag

For cumulus convection, shallow convection, large-scale condensation, and cloud micro-
physics, the values are updated by the usual Euler difference as follows.

THALD) = PHAL L 9IALQey (T (3.1)

THALE) = PHALD) L 9AIQ oo (THAND) (3:2)

Note that the large-scale condensation scheme is updated by the cumulus convection scheme.

In practice, the routines of cumulus convection and large-scale condensation output the heating
rates and so on, and the time integration is performed immediately afterwards by MODULE: [GDINTG] .
The calculations of the radiative, vertical diffusion, ground boundary layer and surface pro-
cesses in the following groups are basically performed with these updated values (T”At’(l), Gitan2),
etc.). However, in order to calculate some of the terms as implicit, we calculate the heating rates
and so on for all of these terms together, and then perform time integration at the end. In other

words, if we write symbolically

FUFAL(B) _ AL (2) (TTHALE) PtatE)) (3.3)

+ 2AtQRAD,DIF,SFC

That would be the gravitational wave resistance, mass modulation, and dry convection mod-
ulation are the same as those for cumulus convection and large-scale condensation.

AL = THALE) L 9AIQ 4py (THHAE®)) (3:4)
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3.1.2 Various Physical Quantities

Here are definitions of various physical quantities that can be computed simply from the prog-
nostic variables. Some of them are calculated with MODULE: [PSETUP].

1. Virtual temperature

Virtual Temperature 7T, is calculated as follows.

T, =T(1+e,q—1) (3.5)
2. Air density

The air density p is calculated as follows.

(3.6)

3. Altitude

The altitude z is evaluated in the same way as the calculation of the geopotential height in
the dynamics.

d
Z=— 3.7
. (3.7)
(I)l = (I)S + Cp(JfH — 1)T,U71 (38)
OL_ F On_ F
Op— By = C, [(’;’CW) - 1} Tyr+C, [1 - ((’;;f) } Ty j1 (3.9)

4. Half-level temperature

Half-level temperature is calculated by performing a linear interpolation on Inp, i.e., Ino.

Inog_1 —Inog_y1/9 Inog_y/5 —Inoy

Ty1)2 = T (3.10)

1110’]671—11’101C k ll’ldk,l—hlo‘k
5. Saturated specific humidity

The saturated specific humidity ¢*(7', p) is approximated using the saturated vapor pressure
e*(T),

q'(T,p) = ee*;T)_ (3.11)

Here, it is € = 0.622,
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10e;, L
ex 0T  R,T?

(3.12)

Therefore, if the latent heat of evaporation (L) and the gas constant of water vapor (R,) are
held constant,

L 1 1
where e*(T' = 273[K]) = 611[hPal.
From eq.3.12,
oq* L
o = (). (3.14)

It is noted that if the temperature is lower than the freezing point 273.15[K], the sublimation
latent heat L + L) is used as the latent heat L.

6. Dry static energy and moisture static energy

The dry static energy s is defined by

s =C,T + gz (3.15)

The moisture static Energy h is defined by

h=CyT + gz + Lq (3.16)
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3.2 Cumulus Scheme
3.2.1 Outline of Cumulus Scheme

The Chikira scheme (Chikira and Sugiyama 2010) has been adopted since version 5 of MIROC.
It represents updrafts, downdrafts, their detrainment and compensating downward motion over
the surrounding area as well as microphysical processes associated with updrafts and downdrafts.

The updraft is based on an entraining plume model, where the mass flux increases upward
due to lateral entrainment. The detrainment occurs only at the cloud top which is defined as the
neutral buoyancy level of the updraft air parcel. The lateral entrainment rate is formulated in
terms of buoyancy and vertical velocity of the air parcel at each level following Gregory (2001).
The momentum transport is formulated following Gregory et al. (1997).

The cloud base mass fluxes are determined by the prognostic convective kinetic energy closure
proposed by Arakawa and Xu (1990) and Xu (1991, 1993), which was adopted in the prognostic
Arakawa—Schubert scheme (Randall and Pan 1993; Pan 1995; Randall et al. 1997; Pan and
Randall 1998). The convective kinetic energy increases by buoancy and decreases by dissipation.

The cloud types are spectrally represented according to the updraft vertical velocity at the
cloud base. Larger (smaller) vertical velocities give smaller (larger) entrainment rates which
result in higher (lower) cloud tops. The cloud base is diagnosed as the lifting condensation level
of the air parcel at the lowest model layer.

The scheme has a simple downdraft model, where a part of the precipitation caused by the
updrafts evaporates and forms the cold air which enters into the downdrafts. The detrainment
of the downdraft mass fluxes occurs at the neutral buoyancy level and near the surface.

The interaction of the updrafs and downdrafts with the surrounding environment is formu-
lated following Arakawa and Schubert (1974). The areal fractions of the updrafts and downdrafts
are assumed to be sufficiently small and the grid-mean prognostic variables are supposed to be
the same as those over the environmental area, which are changed by the detrainment of the
updrafts and downdrafts, the compensating subsidence and the evaporation and sublimation of
the precipitation associated with the updrafts.

The input variables to this scheme are temperature T', specific humidity ¢, cloud liquid water
qi, cloud ice ¢;, zonal wind u, meridional wind v, all tracers including aerosols and greenhouse
gases, height z, pressure p, and cloud cover C. The scheme gives the tendencies of T, ¢, q, ¢,
u, v, C and all the tracers. The vertical profiles of the rainfall and snowfall fluxes, cloud liquid
water, cloud ice and cloud fraction associated with the updrafts are also output as diagnostic
variables.

The procedure of the calculations is given as follows along with the names of the subroutines.

1. Calculation of cloud base CUMBAS.
2. Calculation of in-cloud properties CUMUP.
3. Calculation of cloud base mass flux CUMBMX.
4. Calculation of cloud mass flux, detrainment, and precipitation CUMFLX.
5. Diagnosis of cloud water and cloud cover by cumulus CUMCLD.
6. Calculation of tendencies by detrainment CLDDET.
7. Calculation of freezing, melting, evaporation, sublimation, and downdraft mass flux CUMDWN.
8. Calculation of tendencies by compensating subsidence CLDSBH.
9. Calculation of cumulus momentum transport CUMCMT.
10. Calculation of tracer updraft CUMUPR.
11. Calculation of tracer downdraft CUMDNR.
12. Calculation of tracer subsidence CUMSBR.
13. Fixing tracer mass CUMFXR .
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3.2.2 Interaction between Cumulus Ensemble and Large-Scale Environment

Following Arakawa and Schubert (1974), the equations for tendencies of the grid-mean variables
are written as

oh oh _
o :MaZJFZj:Dj [hj(213) —h], (3.17)
0q q _
5 = M& + %:Dj [g;(21,5) —al, (3.18)

where M, D, h denote total mass flux, detrainment mass flux and moist static energy. ¢
is a substitute for ¢,, ¢; and ¢; and any tracers which are calculated in the same way. zp is
the height of the updraft. The hats indicate in-cloud properties, the overbars grid-mean. The
subscripts j are an index for the updraft types.

The total mass flux M and detrainment D are defined as

M(z)=>> My;+Mj, (3.19)
J

DJ(Z) = Mu7j(ZT,j)5(Z — ZTJ') (3.20)

respectively, where M, and M, denote mass fluxes of updraft and downdraft respectively.
The updraft mass flux is formulated as

My, j(2) = Mpjnj(2) (3.21)

where Mp and 7 are the updraft mass flux at its cloud base and normalized mass flux.

3.2.3 Cloud Base

The cloud base is determined as the lifting condensation level of the air at the lowest model
layer. It is defined as the smallest z which satisfies

— — % Y 7%
> — |h —h 3.22
() 2 0+ s () )] (3.22)
where ¢; denotes total water, L, the latent heat of vaporization, z; the height of the lowest
model layer at the full level and

e (o)
=L (9T (3.23)
Cp \ 0T 5
C) denotes the specific heat of dry air at constant pressure and the stars indicate saturation
values.

The normalized mass flux below the cloud base is given by n = (z/zp)'/? for all of the
updraft types where zp denotes the cloud base height.
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3.2.4 Updraft Velocity and Entrainment Rate

The entrainment rate is defined by

_ 1o,
M, 0z

€

(3.24)

and allowed to vary vertically. Based on the formulation of Gregory (2001), the updraft
velocity is calculated by

1 0w?
U _ 4B — ew?

555 (3.25)

where w and B are the vertical velocity and the buoyancy of updraft air parcel respectively.
a is a dimensionless constant parameter ranging from 0 to 1 and represents a ratio of buoyancy
force used to accelerate the updraft velocity. The hats indicate the values of the updraft. The
second term on the right-hand side represents reduction in the upward momentum of the air
parcel through the entrainment. Here and hereafter, the equation number corresponds to that
in Chikira and Sugiyama (2010).

Then it is assumed that

ew? ~ C.aB, (3.26)

where C¢ is a dimensionless constant parameter ranging from 0 to 1. This formulation
denotes that a certain fraction of the buoyancy-generated energy is reduced by the entrainment,
which is identical to the fraction used to accelerate the entrained air to the updraft velocity.
Thus, the entrainment rate is written as

Egs. (3.25) and (3.27) lead to
1 ~2
588% —a(1-C.)B (3.28)

which shows that w is continuously accelerated upward when buoyancy is positive. Many
CRM and LES results show, however, that updraft velocity is often reduced if the parcel ap-
proaches its cloud top. For this reason, adding an additional term, we use

1 0w? 1 W

where the last term denotes that the energy of the updraft velocity is relaxed to zero with a
height scale zg. Eq. (3.29) is discretized as

~2 ~2 ~2
1 Wey1/2 = Wi—1/2 1 Wit1/2
- —a(l—C)By — —
2 Azk a( ) F 20

(3.30)
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where k is an index of full levels and k 4+ 1/2 and k — 1/2 indicate the upper and lower sides
of the half levels. Az is the depth of the model layer. Note that the equation is solved for ?
rather than w.

The buoyancy of the cloud air parcel is determined by

B= %(Tv —T) (3.31)
h— h* o S
~g {C’pT(l—F’y) +elgp — @) — (@ +di) — (@ + qz)]} (3.32)

where g and T, denote gravity and virtual temperature respectively. € = R,/R; — 1 where
R, and R, are the gas constants for water vapor and dry air respectively.

w, B and € are calculated for each of the updraft types separately, but we omit the subscript
j for convenience.

3.2.5 Normalized Mass Flux and Updraft Properties

The properties of the updraft are determined by

8nﬁ -
—— = enh i .
o enh + @ (3.33)
o
% = eng — P (3.34)
and
on

where (); and P denote heating by liquid-ice transition and precipitation respectively. All
the other variables such as temperature, specific humidity, and liquid and ice cloud water are
computed from these quantities. Tracers are calculated by a method identical to that for ¢;.
Equation (3.35) leads to

Odlnn
=e.

o (3.36)

Then, n and e are discretized as

g1 —Inng_q/0

A = e (3.37)

Note that this discrete form leads to an exact solution if € is vertically constant. Also, 7 is
finite as far as € is. For €, a maximum value of 4 x 10™3m ™! is applied.
Equations (3.33) and (3.34) are written as
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677]10

= —Eh i .
9% h + Qs, (3.38)

g _

— =E¢—P .
L~ Ba (3.39)

respectivuly, where E' = en. These equations are discretized as

Uk+1/2i1k+1/2 - 77k—1/2ilk—1/2
Azk

= Exhi + Qi (3.40)

77k+1/2@t,k+1/2 - 77k71/2fft,k71/2
Az

= Exqir — P (3.41)

Considering the relation that 9n/0z = en, we descretize Ej as

_ Nk+1/2 — NMk—1/2
Azk

Ey (3.42)
Note that conservation of mass, energy, and water is guaranteed with Egs. (3.37)-(3.42).

This set of equations leads to exact solutions of A under the special case that € and h are

vertically constant and @); is zero. From Egs. (3.37), (3.40), and (3.42), assuming @; is zero,

i"k:—i—l/Q = B_EkAzk iLk—l/2 + (1 — e_ekAzk)ITLk, (343)

which shows that iLk_H /2 is a linear interpolation between ﬁk_l /2 and hy,. Thus, the stability

of h is guaranteed. The same property applies to §; as well, if P is zero.
These calculations are made for each of the updraft types separately, but we omit the sub-
script j for convenience.

3.2.6 Spectral Representation

Following the spirit of the Arakawa—Schubert scheme, updraft types are spectrally represented.
Different values of cloud-base updraft velocities are given from the minimum to the maximum
values with a fixed interval. The minimum and maximum values are set to 0.1 and 1.4 ms™!,
with an interval of 0.1 ms~—! for MIROC6. The minimum and maximum values and the interval
can be changed.

Then, the updraft properties are calculated upward with Eqgs. (3.27), (3.29), (3.33), (3.34),
and (3.35). This upward calculation continues even if the buoyancy is negative as long as
the updraft velocity is positive. If the velocity becomes negative at some level, the air parcel
detrains at the neutral buoyancy level which is below and closest to the level. That is, the scheme
automatically judges whether the rising parcel can penetrate the negative buoyancy layers when
there is a positive buoyancy layer above. The effect of the convective inhibition (CIN) near cloud
base is also represented by this method. Note, however, that an effect of overshooting above
cloud top is not represented for simplicity (i.e., detrainment never occurs above cloud top).
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3.2.7 Cloud-Base Mass Flux

The cloud-base mass flux is determined with the prognostic convective kinetic energy closure
proposed by Arakawa and Xu (1990). That is, the cloud kinetic energy for each of the updraft
types is explicitly predicted by

oK K
— = AMp — — 44
ot B T (3.44)

where K and A are the cloud kinetic energy and cloud work function respectively, and 7,
denotes a time scale of dissipation. The cloud work function A is defined as

27
A= / Bndz. (3.45)
2B

The cloud kinetic energy is linked with Mp by

K =aM3. (3.46)

The cloud-base mass flux is then solved for each of the updraft types.

3.2.8 Microphysics

The method to obtain temperature and specific humidity of in-cloud air from moist static energy
is identical to that in Arakawa and Schubert (1974). The ratio of precipitation to the total
amount of condensates generated from cloud base to a given height z is formulated as

Fy(2) =1 — e m2B=%0)/2 (3.47)

where 29 and z, are tuning parameters.
The ratio of cloud ice to cloud condensate is determined simply by a linear function of
temperature,

1 T<T
FE(T)=¢(-T)/(T,-Th) i <T<T (3.48)
0 T>1T,

where T and T5 are set to 258.15 and 273.15 K. The ratio of snowfall to precipitation is also
determined by this function.

From the conservation of condensate static energy, C, T + gz + L,q — L;q; where L; is the
latent heat of fusion, for a cloud parcel, Q; in Eq. (3.33) is written as

ong; _
0, = L ( gg’ - enqi> (3.49)
and discretized as
Miet1/20i k+1/2 — Mho—1/2%i,k—1/2 _
Qi = L; < H/2Rk T /Azk [2Hh1/2 Ek:Qi,k) (3.50)
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Strictly, the ratio of the cloud ice to the cloud condensate should be recalculated after the
modification of temperature by Q; and the iterations of the calculation are required; however,
it is omitted for simplicity.

Melting and freezing of precipitation occurs depending on wet-bulb temperature of large-scale
environment and cumulus mass flux.

3.2.9 Evaporation, Sublimation and Downdraft

A part of precipitation is evaporated at each level as

_ (P
Ey, = ae(qw — q) (V) , (3.51)
T
where FE,, ¢, and Vp are the mass of evaporation per a unit volume and time, wet-bulb
saturated specific humidity and terminal velocity of precipitation respectively a. is a constant.
Downdraft mass flux My is generated as

M, L
0 bep(T, — T)P, 52

where p and T, are density and wet-bulb temperature, respectively; b, is a constant. Proper-
ties of downdraft air are determined by budget equations and the detrainment occurs at neutral
buoyancy level and below cloud base.

If the precipitation is composed of both rain and snow, the rain (snow) is evaporated (subli-
mated) in the same ratio as the ratio of rain (snow) to the total precipitation when the precipi-
tation evaporates to produce downdrafts.

3.2.10 Cloudiness

Fractional cloudiness of the updrafts C, used in the radiation scheme is diagnosed by

_ Cmax - Cmin
In Max — In Miin

Cy (In Y~ My ; — In Miin) + Crnin, (3.53)
J

where Chax, Ciiny Mmax, Mmin are the maximum and minimum values of the cloudiness and
cumulus mass flux respectively.
The grid mean liquid cloud mixing ratio in the updrafts is given by

BCu —
lc = M quJMuJ? (354)
J

where (8 is a dimensionless constant. The grid mean ice cloud mixing ratio is determined
similarly.

3.2.11 Cumulus Momentum Transport

Following Gregory et al. (1997), the zonal and meridional velocities of the updrafts are calculated
as
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ont ou
L — 677'L_L _|- Cmng,

o (3.55)

where C), is a constant from 0 to 1 representing the effect of pressure. This equation can be
rewitten as

onu ~ onu
9. (1= Cn)enu + Cmga (3.56)
and is discretized as
Mht1/20k11/2 = Mh-1/20k—1/2 _ (1= Con) By + i H2M1/2 7 Mo 1/280-1/2 g

Azk Azk

The horizontal velocities of the downdrafts are calculated similarly. The tendencies of zonal
and meridional velocities by the cumulus momentum transport (CMT) are calculated as

<3U> _ _g(PUlw/)k+1/2 - (pulw,)k—l/Q, (3.58)

ot ) ek Apy,

<0U> I (P0"w )12 — (PU'W) 1 /2 (3.59)
Ot ) cmtk Apy,

respectively, where pu/w’ and pv'w’ are total zonal and meridional momentum fluxes respec-
tively and Apg = pr — prr1-
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3.3 Shallow Convection Scheme
3.3.1 Overview of Shallow Convection

Shallow convection is the most frequent type of convective cloud in the tropics and subtropics
Its impact on climate through the energy budget due to atmospheric radiation is considered
important (Stevens, 2005). Shallow convection is responsible for transporting the boundary layer
air to the free atmosphere. It is often not accompanied by precipitation and is characterized by
the fact that precipitation-induced downdraft does not reach the surface as in deep convection.

This section briefly describes the vertical structure of the boundary layer favorable for shallow
convection. When the ground surface is heated by sunlight or cold air flows in from above, the
energy of convective instability is dissipated by turbulence in the bottom of the atmosphere,
forming a mixed layer with a nearly uniform vertical distribution of potential temperature and
water vapor at a thickness of about 600 m to 800 m from the surface. At the upper end of
the mixed layer, there is a transition layer of weakly stable stratification, which is the height
at which water vapor in updraft begins to condense (lifting condensation level, LCL). Above
LCL, the temperature decreases according to the moist adiabatic lapse rate, and the updraft
is observed as clouds. Above the level of free convection (LFC), the cloud continues to grow
while mixing with surrounding air. The growth of these convective clouds is limited by the
temperature inversion layer at the lower end of the free atmosphere, and the cloud tops are
often located about 2 km from the surface.

In the former versions of MIROC, A cumulus parameterization proposed by Chikira and
Sugiyama (2010) deals with multiple cloud types including shallow cumulus and deep con-
vective clouds. However, it tends to overestimate low-level cloud amounts. To cope with
this bias and improve the performance for reproducing current climate, the shallow convec-
tion scheme is introduced from the 6th version of MIROC (Tatebe et al., 2019, Ogura et al.,
2017, Ogura, 2015). The source code in concern (pshen.F) consists of SUBROUTINE: [PSHCN]
and SUBROUTINE: [DISTANCE]. The input values for SUBROUTINE: [PSHCN] are temperature, wa-
ter vapor mixing ratio, and liquid water mixing ratio, ice mixing ratio. It predicts liquid water
potential temperature, total water mixing ratio, ice mixing ratio, and horizontal components
of wind in response to vertical transport. It also diagnoses cloud fraction and precipitation.
SUBROUTINE: [DISTANCE], which is called inside SUBROUTINE: [PSHCN], calculates the degree of
buoyancy-induced updraft and mixing with the environment. Since the variables diagnosed
in the cumulus scheme (SUBROUTINE: [CUMLUS]) are referenced to determine the conditions for
shallow convection, SUBROUTINE: [PSHCN] is required to be run after SUBROUTINE: [CUMULUS],
followed by the diagnosis of cloud fraction. On the other hand, it should be run before the land
surface process SUBROUTINE: [SURFCE] because precipitation by convection is referenced in the
land surface and ocean models.

3.3.2 Basics of Cloud Model

Subgrid clouds are modeled based on the frameworks proposed by Bretherton et al. (2004) and
Park and Bretherton (2009). This scheme employs a simple plume model for cloud to calculate
vertical transport of conserved variables and precipitation due to updraft. An ensemble of
shallow convection in a horizontal grid, which is expressed as a single updraft plume, is supposed
to experience horizontal mixing with the environment (entrainment/detrainment). The flux of
vertical transport of mass is assumed in the following form:

pw'y’ & My(thu — ), (3.60)

where M, = p,o,w, is mass flux of updraft (p,,0,, and w, stand for density in updraft, area
fraction of updraft in a grid, and vertical velocity, respectively), 1, is a conserved variable
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transported by convection (e.g. liquid water potential temperature, total water mixing ratio,
horizontal components of momentum) in updraft, ¢ denotes the average value in the envi-
ronmental field of the same conserved value. The effects of vertical transport due to shallow
convection are represented by determining the vertical profiles of unknown values M, and .
Flux of mass and conserved values are diagnosed as

aé\j“ =E—-D (3.61)
0
@(quu) = Xw + S¢Mw (3.62)

where X, represents horizontal mixing with environmental air, and Sy, is source term. E and
D are rates of entrainment and detrainment, which are described in fractional from

E = €M, (3.63)
D = 6M,. (3.64)

Substituting 1 for grid value and assuming the horizontal mixing term as X, = Eiy — D,
results in

oM,

5, = Mu(e=9) (3.65)
0y —

7(;2 = E(ﬂ} - Q,Z)u) + Sw. (3'66)

In MIROCS®, changes in liquid water potential temperature due to precipitation and the effect of
subgrid pressure gradient on horizontal momentum are included in Sy. Consequently, equations
(3.65) and (3.66) results in a closure problem of two parameters ¢ and e. By determining § and
€ by the formulation described in section 3.3.3.4 and solving differential equations along with
boundary condition at cloud base, vertical profiles of M, and 1, are calculated.

3.3.3 Computation in PSHCN

The effect of convective updraft is calculated as follows.

e Liquid water potential temperature 6; and total water ¢; are diagnosed from input tem-
perature T', water vapor mixing ratio q,, liquid water mixing ratio ¢;, ice mixing ratio

4qi,
e Updraft mass flux at cloud base is diagnosed.
e Height of cloud base is diagnosed.
e Presence of shallow convection is determined.
e Vertical profiles of M,,, 60;, g, horizontal wind components u and v are diagnosed.
e 0, q, q;, u, v, liquid water temperature 1; are predicted.

e T, q,, and ¢ are diagnosed according to 1; and g;.
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3.3.3.1 Lower boundary condition: diagnosis of cloud base mass flux

The mass flux at cloud base is formulated as it depends on turbulent kinetic energy (TKE)
in boundary layer and convective inhibition (CIN) at the top of boundary layer.
Firstly, the vertical profile of updraft velocity is supposed to fulfill
10
iawﬁ = aB, — bew? (3.67)
all over the layers with shallow convection. B, means updraft buoyancy, a and b are empirical
parameters. The first term of the right-hand side of (3.67) is acceleration by buoyancy, and
the second term represents drag by entrainment. By assuming no entrainment below LFC and
integrating (3.67) from cloud base to LFC, The critical value of upward velocity for updraft
plume to reach LFC, w,., can be determined

we = /2a(CIN). (3.68)

Updrafts that exceed this critical value penetrates from cloud base.
Computation of CIN is based on Appendix C of Bretherton et al.,

PLCL — Pbase
Q(PLCL + pbase>

PLFC — PLCL

CIN = [By(ppase) + Bu(pror)] g(prrc + pror)’

+ Bu(prer) (3.69)
In the following, subscript base represents the value at the top of mixing layer. In MIROCG, for
simplicity, By (ppase) is set to zero.

Secondly, to obtain the information of vertical velocity at cloud base, the statistical distri-
bution of w is assumed to follow Gaussian distribution

fw= e (3.70)
=_———exp|— .
2k peang P 2k reqvg

with variance equal to kreqyy, where ey is average TKE diagnosed in turbulent and vertical
diffusion scheme. k; is an empirical parameter describing the partitioning of TKE between
horizontal and vertical motions at the subcloud layer inversion, whose recommended value based
on large eddy simulation is 0.5.

By taking average of vertical velocity above the critical value w,, cloud base mass flux M, pse
is diagnosed as

%
Mu,base - pbase/ wf(w)dw = Pbase

We

kteavg wf
— 3.71
o1 V| 2peany |’ (8.71)

where ppgse is density at LFC. This mass flux is larger for larger boundary layer TKE and smaller
for larger CIN.

3.3.3.2 Diagnosing height of cloud base

The cloud base height is set between the top of the boundary layer and the LCL. The larger
the CIN is, the lower the cloud base becomes. The top of boundary layer is diagnosed as the
level with maximum vertical gradient of relative humidity. Let zg; be the higher of this level
and LCL, and zr, be the lower, then the cloud base altitude zp,se is set

CIN — CINp,
CINy; — CINL,

CINy; and CINp, are coefficients which satisfy CINp, < CIN < CINy; for a typical value of
CIN.

Zbase = ZHi — (2Hi — ZLo) (3.72)
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3.3.3.3 Determination of the presence of shallow convection

For each horizontal column, whether shallow convection occurs is determined with following
criteria.

o If estimated inversion strength (EIS; Wood and Bretherton, 2006) exceeds a certain thresh-
old, the environmental field is judged to be dominated by stratocumulus clouds, and shal-
low convection is not generated. This criterion is introduced because the vertical resolution
of climate models does not sufficiently represent the thin and strong inversion layer over
the boundary layer, and underestimates CIN, which leads to an overestimation of shallow
convection. EIS is estimated by E1S = 679 — 0 — '8 (2700 — LCL) where 6700 and 6 are
potential temperature at 700hPa and surface, I' f;:’o is moist adiabatic lapse rate at 850hPa,
and z7q is height of 700hPa.

e If the intensity of cumulus convection diagnosed by SUBROUTINE: [CUMULUS] exceeds a
threshold, the environmental field is supposed to be dominated by deep convection and
shallow convection is not generated.

e If the areal fraction of shallow convection is under a threshold, computation of shallow
convection is omitted.

3.3.3.4 Diagnosing vertical profile of updraft mass flux

For the grid boxes that contain shallow convection, entrainment and detrainment is calcu-
lated using the value of v, at cloud base and M, j4s.. Fractional entrainment and detrainment
are computed based on the framework of buoyancy sorting suggested by Kain and Fritsch (1990).
In a layer of thickness 0z, equal parts egM,dz of updraft and environmental air are involved in
the lateral mixing process that creates a spectrum of mixtures. This yields a total mixing mass
flux 2e9 M, 6z, with fractional mixing rate €9 = c¢o/H (cg is a certain empirical coefficient and H is
the height from surface). In the mixed air, there exists states with probability density such that
the air from the environmental field occupies a proportion y. Here, for simplicity of calculation,
it is considered that the state from pure moist air (x = 0) to pure environmental air (x = 1)
is distributed with uniform probability (Kain-Fritsch scheme assumes Gaussian distribution).
Based on the buoyancy force on the mixed air, the entrainment or detrainment is determined.
SUBROUTINE: [DISTANCE] is called in SUBROUTINE: [PSHCN]. The output variables in this sub-
routine are liquid water potential temperature (THETLU) and bool value for entrainment or
detrainment (JUDGE).

The occurrence of entrainment is judged as follows. Firstly, if the updraft air is not saturated,
entrainment is not assumed to occur. Nextly, with virtual potential energy in the environmental

field (6,) and updraft (6,,,), buoyancy force on the parcel is defined:

B, = gM (3.73)
O,
and entrainment occurs when the buoyancy on parcel is positive. Furthermore, even when the
buoyancy is negative, entrainment occurs if the parcel can travel longer than a certain eddy
mixing distance [, = c¢;H, where ¢; = 0.1 is an empirical constant, chosen to optimize the
trade-cumulus case. This criterion corresponds to the critical buoyancy value

1w?
2 1.
and otherwise, all the mixed air is detrained. Therefore, Once the critical value of the mixing
state x. is obtained, which allows the updraft to rise a distance I, under negative buoyancy,

B, = (3.74)
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the air in the environmental field entrained into the cloud and the air in the updraft that is
detrained can be determined as follows

Xc
Mye = 2¢g M, / xq(x)dx = oMy x> (3.75)
0
1
M6 =2eM, [ (1—x)q(x)dx = eoMy(1 — x¢)?. (3.76)
Xe
Thus, letting
€= eox> (3.77)
6 =eo(1 — xe)% (3.78)

equatinons (3.65) and (3.66) are expressed as follows

1 oM,
0. T €e—0=r¢y(2x.— 1) (3.79)
Oy, — _
Ve = ) + Sy = 0B~ ) + Sy, (350)

where x. is computed based on virtual potential temperature of mixed air

HU(X) = Hvu + X |:/6(9l - elu) - <BL - 9u> (@ - qw):| (381)
cpll

(Bretherton et al., 2004). § is a thermodynamic parameter which depends on temperature and

pressure defined by Randall (1980), 6y, is liquid water potential temperature in updraft, 6, is

updraft potential temperature, @ is total water mixing ratio of environment, g, is total water

mixing ratio of updraft, L is latent heat of vaporization, c, is specific heat capacity of dry air

at constant pressure, and II is the Exner function.

Consequently, the governing equations (3.67), (3.79), and (3.80) for vertical profiles of wy,,
M, and v, are obtained. These equations are discretized and integrated upward one layer at
a time using the lower boundary condition in section 3.3.3.1 to yield the vertical profile of each
variables.

Afterward, from liquid water potential temperature and total water mixing ratio, liquid water
mixing ratio ¢; and water vapor mixing ratio ¢, are diagnosed. The cloud water that exceeds
a threshold is disposed as rainwater ¢,, and liquid water potential temperature is updated
according to the amount of g,. This corresponds to Sy, in (3.81).

The formulation of the vertical flux in this scheme is equal to the assumption that the updraft
is not large enough to replace all of the air in a grid box in the time step At. Therefore, the
following limiter is imposed to prevent numerical instability when diagnosing mass flux of the
updraft.

M, = min. (Mu, pﬁ:) (3.82)
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3.4 Large Scale Condensation

The SUBROUTINE: [PDF2CLD] and SUBROUTINE: [CLD2PDF] are written in pmlsc.F file. These
are called in padmn.F, pcumc.F, pshcn.F, pcldphys.F and pvdfm.F files.

3.4.1 Physical Basis for Statistical PDF Scheme

General Circulation Models (GCMs) typically adopt fractional cloud cover (the volume of cloudy
air per total air volume in a grid box) assumption to realistically represent clouds because of
their coarse horizontal resolution (O(100km)). Statistical cloud schemes assume a subgrid - scale
probability density function (PDF) of humidity within the grid. Integration of the specific PDFs
will give the cloud fraction and the amount of water condensate consistently.

By means of the “fast condensation” assumption, the cloud water amount in a local area in
the grid is

ge = (gt — qs) 0 (qt — qs) (3.83)

where ¢; denotes the saturation //mixing ratio and ¢. does the cloud water mixing ratio. ¢
is sum of water vapor and cloud water mixing ratio. §(z) denotes the Heviside function of x.

The majority of statistical cloud schemes use the so-called “s-distribution” following Som-
meria and Deardorff (1977). A single variable s, which considers the subgrid-scale perturbations
of liquid temperature 7; and total water mixing ratio ¢, is employed. s is defined as

s=ar, (@ —arTy) (3.84)

where

arp = 1/ (1 + LaL/cp) , 0, = 8(]8/ 8T‘T:Tl . (3.85)

For any choice of the PDF of s, denoted as G(s), the grid-mean cloud fraction, C, and cloud
water content, q., are obtained by integrating G(s) and (Qc + s)G(s),

o= [ Gs)ds (3.86)
_Qc

Je = - ¢+ s)G(s)ds, 3.87

q / (@G (3.87)

where QQc denotes the grid-scale saturation deficit defined as
Qe =ar{q —qs(T1,p)} - (3.88)

3.4.2 Hybrid Prognostic Cloud scheme

The statistical scheme implemented in MIROCG6 is called Hybrid Prognostic Cloud (HPC)
scheme (Watanabe et al. 2009). The HPC scheme proposes two types of shape for the PDF
G(s), Double-uniform PDF and Skewed-triangular PDF. Here we focus on Skewed-triangular
scheme because MIROCG6 adoptes the shape. The physical basics of the scheme are in common
with Double-uniform PDF.
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Example of the basis PDF for HPC: skewed-triangular functions. Copied from Fig.1l in
Watanabe et al. 2009.

The scheme predicts variance (V) and skewness (S) of the PDF. V| S, the second moment
wo, and the third moment u3 are defined as follows.

pe =V = / s*G(s)ds (3.89)
s = pd/?S = / s3G(s)ds (3.90)

V and S are affected by cumulus convection, cloud microphysics, turbulent mixing, and
advection.

The integrals to obtain C' and ¢, are symbolically expressed as

C= IC (ﬁ7ﬂ7 G+, V,S) (391)

Qe = Iq (p7ﬂ7qm]}7‘9) (392)

where p denotes the pressure. The overbars denote the grid-mean quantity.
If the PDF is not too complicated, (1, 2) can be analytically solved for V' and S by defining
integrand functions I as

V=1 (p,T},q,q C) (3.93)

S =1Is(p. T} Gv, @ C) (3.94)

The relationship between (1, 2) and (4, 5) is quasireversible. The double-uniform func-
tion and skewed-triangular function PDFs are selected for G(s) because of their feasibility in
analytically nalderiving I.

3.4.3 PDF Change Through Processes

The HPC cloud scheme is composed using prognostic equations for four variables determining
I, namely, T, ¢:, V, and S. The prognostic variables can be T}, ¢;, C', and ¢, that determine I.
Prognostic equations for the PDF variance and skewness are expressed as

DYy AV AV AV AV

E a E conv. - E micro. - E turb. - E others - (395)
DS AS AS AS AS

— == — + = 4+ == —es (3.96)
Dt At conv. At micro. At turb. At others

where subscripts ‘conv.’, ‘micro.” and ‘turb.” indicate cumulus convection, cloud micro-
physics and turbulent mixing processes respectively, which all affect the PDF shape. The last
terms represent dissipation due to subgrid-scale horizontal motions. The specific formulations
for each term are described below.

The HPC scheme is referred to as and G(s) is updated every after the process that affects
cloud water PDF. G(s) is thus modified several times within a single time step.
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3.4.3.1 Cumulus Convection

The total effect of cumulus convection to the PDF moments is written as

AV oy Al
Al T Mca + (3.97)
AS S Alg
Al Mg A (3.98)

M. is the cumulus mass-flux including updraft in the convection tower and downdraft in the
environment. The vertical transport of the PDF moments is represented by the first terms on
the right side hand of (14, 15).

Cumulus convections modify the grid-mean 7;, ¢;, and g. by upward transportation of grid-
mean moist static energy, q,, and g.. Detrainment also affects these variables. The detrainment
of the cloudy air mass is considered, as in Bushell et al. (2003),

ac
ot

conv.

=D(1-20C) (3.99)

The second terms on the right hand side of (14, 15) indicates that the changes in the PDF
moments is calculated consistent with the changes in the grid-scale temperature, humidity, cloud
water, and cloud fraction.

Aly = Iy (p, Ty + AT}, Gy + AGo, Ge + AGe, C + AC) — Iy (5, 11,00, Gc: C) (3.100)

(3.101)
where X is either V or S.

3.4.3.2 Cloud Microphysics

The tendency due to microphysical processes can be written in a similar manner to the
cumulus convection effect.

AV ALy
= — .102
At micro. At (3 ’ )
AS Alg
—_— = — 3.103
At micro. At ( )

Changes in T}, G, andg, are derived from microphysical tendency terms including precipita-
tion, evaporation,and melting/freezing.
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3.4.3.3 Turbulent Mixing

From the definition of s, the PDF variance V becomes

V = a} (af + o307 — 20,1147 ), (3.104)

where II is the Exner function. Assuming the level-2 closure in Nakanishi and Niino (2004),
the time evolution of V' can be derived as

AV 9 2 00, 2 0q; 2
2V m2 Ky (4 4k, (2%
At ~2e (ol H(az> MANCE
urb. : (3.105)
09,03,] 2
‘O‘LH“H*Kq)azla(f] -V

where Ky and K, are the mixing coefficients for sensible heat and moisture, respectively.
¢® = w? + v'2 + w? denotes the turbulent kinetic energy. The other symbols follow the original
notation.

Since the turbulence production does not affect the PDF shape parameter defined by the
third moment (cf. Tompkins 2002), the skewness change AS/ At|,, is simply calculated due
to the variance change in (28).

3.4.3.4 Subgrid-Scale Horizontal Eddy

In the planetary boundary layer, the subgrid-scale inhomogeneity is dissipated due to the
turbulent mixing. In free atmosphere, the grid box will be homogenized mainly due to mesoscale
motions, which are expressed by the Newtonian damping as in (Tompkins 2002): ey = %, €s =

%, where the relaxation timescale is parameterized by the horizontal wind shear as

oa\?  (o0\?) "’

—1 2

=C — — 3.106
w=e{(3) (5] 108
The coefficient Cj is set to 0.23 following Tompkins (2002).

3.4.3.5 Other Processes

Dynamics, shallow convection, radiation, mass source, and dissipation heating processes
change the grid-mean temperature and humidity. Such effects on the shape of PDF are included
following (16).

3.4.4 Solving Procedures

The shape of the Skewed-triangular PDF is represented as follows. The widths defined by
positions of the left and right edges on the s-coordinate are denoted as a and b, respectively.
The position of the top, denoted as ¢, is constrained by a 4+ b+ ¢ = 0. By definition, ¢ < b and
a < g must be satisfied. The PDF is then expressed as

G(S) — (gzsqz%b—a) (3.107)

{—2(‘9_[)) forgq<s<b
W(b—)a) fOI'CL<S§q
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The pmlsc module includes two main subroutines, PDF2CLD and CLD2PDF. The subrou-
tine PDF2CLD calculates C and . given p,T; g;,V,S. The subroutine CLD2PDF calculates V
and S given p, T} G;, q., C. We will derive the concrete calculation processes in this subsection.

3.4.4.1 Caluculation of Cloud Variables from PDF Moments
This is written in SUBROUTINE: [PDF2CLD].

From M1, 2, 13 to a, bvq

The first, second, and third moments of the PDF is calculated as follows.

q+b b—a
p1 = / sG(s)ds =gq+ 3 (3.108)
q—a
tb a® + ab+ b?
po = / (s — p1)? G(s)ds = — 3 (3.109)
qg—a
a+b b—a) (2a% + 5ab + 2b°
o= [ s ) Glsyas = O (2t ) (3.110)
qg—a

From (7,8,9), we will derive the solution for a, b, ¢ given 1, p2, ps.
We define § =b —a, 3 = ab. (8,9) are

62 + 36 = 1819 (3.111)

1) (5 + 12u2) = 90us (3.112)

Eliminate S or § from these equations, you will get the equations.

63 — 54198 + 2703 = 0 (3.113)

1
B = 6ug — 552 (3.114)

We apply the formula for the solution of a cubic equation to (10) to obtain 4.

1 —135
0 = 24/18p9 cos 3 cos! [ —=2H3
(182)°

+
Q| W~
3

(3.115)

B is obtained from (11). We define o = /62 + 40 for simplicity. Finally, a, b, q is calculated
as follows.
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a=(a—10)/2 (3.116)

b= (a+8)/2 (3.117)

g=pm —0/3 (3.118)

From PDF to C and qc

Once the PDF G(s) is determined by the parameters a, b, ¢, the cloud fraction C' and grid-
mean cloud water mixing ratio ¢. are derived as follows.

0 if b < Q.
_(Qc4b)” -
-] vorg He<-Qe<d (3.119)
Qeta) e o < '
) b—a) = e
1 if —Q.<a
5C (Qc +1) ifg<-Qe=b
_c: 3 (& i - € — 12
q Qe—35(1-C)(Qc+a) fa<-Q.<q (3:120)
QC lf _Qc <a

3.4.4.2 Caluculation of PDF moments from cloud variables.

This is written in SUBROUTINE: [CLD2PDF]

From ¢.,C to a,b,q

We can not determine the position of ). in the triangle at the beginning of the calculation.
Thus we calculate a,b assuming that a < —Q. < ¢ at first. If the calculated parameters are
physically consistent with the PDF (a + b > 0), a,b, q are determined. Otherwise, we regard
q < —Q. < b and then a,b, g are derived.

LLa<-Q:<q

From (16), a is derived as follows.

3 (Qc - QC)
_ _ 0. 121
o=—5-¢ ¢ (3.121)
We eliminate ¢ from (15) using ¢ = —a — b. The quadratic equation for b is obtained.
b2 +ab—2d>+ (Q.+a)* /1 —-C)=0 (3.122)

The physically meaningful solution for b is

b= (—a\/9a2 —4(Qc+a)® /(1 — C’)) /2 (3.123)

66



2-Q§_Qc§b

From (16), b is

3qc
b=——-Q. 3.124
& (3.124)
We eliminate ¢ from (15) using ¢ = —a — b. The quadratic equation of a is obtained.
a® 4 ab—20% + (Q. +b)* /C =0 (3.125)
The physically meaningful solution for a is
a= <—b - \/9b2 —4(Q.+b)° /C> /2 (3.126)

Adjustment of Cloud Fraction

When there is no physically meaningful solution for (18), C' is adjusted so that a reasonable
solution is obtained. The critical conditions for the existence of real solutions for (18) are as
follows.

962 —4(Qc+a)’/(1-C)=0 (a<—-Q.<q)

3.127
0B - 4(Qe b’ /C=0 (4= -Q.<b) (3120
Eliminate a and b uging (17), we get the relationship between C' and ¢,
3(Qc—qc) 2 _ _4 3(Qc—qc) 2 < <
9 ( 1-c QC> =1-C (ﬁ) (a < -Qc<q) 3198
. 2 7 50\ (3.128)
9(3-Q) =4 (% (< —Q.<b)
We take the square root of the both sides of the equations and define v; = /1 — C and
~9 = v/C. The cubic equations for 7 is obtained.
H-3(1-g)mE2(1-4) =0 (@<-Q.<q (3.129)
7 = 3gnE2d =0 (4 < —Qc<b)
We define Ry =1 — &,Rg = %.
—4Rsinh? (1 sinh ™! <#>) (R<0)
A2 = L AR (3.130)
4R cos? (§ cos ! (ﬁ) + 377) (R>1)

Note that, y =y, R=R1(a < —Q.<q)or y=7v,R=Ry(q < —Q. <b).
The actual calculation procedure is as follows. If the solution for (18) is not a real number,
C is adjusted using (26). Then we solve (18) again.

67



From a, baq to K2, 13

By definition, the PDF moments are expressed in terms of a and b.

2 b+ b2

o = % (3.131)
— b)ab

[ = (aj_o)a (3.132)

3.4.4.3 Treatment of Cloud Ice and in-Cloud Water Vapor

Because the original HPC scheme by Watanabe et al. (2009) does not consider the cloud
ice, it is modified when coupled with the Wilson and Ballard (1999) ice microphysics. Since the
statistical PDF scheme employs a ‘fast condensation’ assumption that is no more valid for ice,
the ice mixing ratio is assumed to be conserved in the large scale condensation process.

Here we assume that - the water vapor mixing ratio within the cloudy area in a grid is
constant - cloud ice preferentially exists in areas with large total water content

Based on these assumptions, the cloud fraction and each condensate mixing ratios are di-
agnosed. The notations for the mixing ratios (qi, ¢, qu, qvi) of liquid water (subscript 1), ice
(subscript 1), vapor (subscript v), in-cloud vapor (subscript vi) are employed.

At first the total condensate mixing ratio g. = ¢q; + ¢; is diagnosed from ¢; and T; assuming
that ice does not exist in the grid. The saturation mixing ratio is set for liquid (gsat1)-

Mixed-phase cloud is generated when the condensate amount is more than the ice content
(ge > q;), whereas the cloud fraction and vapor amount are adjusted in the case of a pure ice
cloud when the condensate amount is less than the ice content (g. < ¢;). Specifically, g., C' and
qvi are calculated as follows.

1. qc>qi

Liquid-phase clouds and ice clouds coexist.

Q= qc— G (3.133)

Qvi = Qsatl (3134)
2. qc < g

Only ice clouds exist (¢ = 0). In this case, C' and q,; are rediagnosed. We eliminate Q. in
(15,16) assuming that g. = ¢;. Equations for C' are given as

e (< —Q.<b) (3.135)
(b—aq)b—q) = |
C3+3C*=4 (qg_(q;;(rb“_)za) (a<—-Q.<q) (3.136)



From these equations, C is obtained as follows.

3/ 947 < (=9
b=a)(b—a) ] 0<ai < {G505)
C= 9(gi+a) (b—q)* 3.137
2 cos <§ cos™! (1 - m)> -1 3(bfa) <¢ < —a) ( )
1 (—a < @)
,where
3%
Qe= = —b= /3¢ —a)—b. (3.138)
Given Q., qvi = ¢+ — Q. is calculated as follows.
q—%+b 0<q < &)
3(qita) N2
o] e o (5 <0< ) o159
ar — q; (—a < q)
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3.5 Cloud Microphysics
The SUBROUTINE: [CLDPHYS] is written in the pcldphys.F file.

3.5.1 Overview of Cloud Microphysics

Cloud microphysics control the conversion from water condensate to precipitate. The condensate
parameterization closely links to the lifetime of and radiative properties of the clouds.

The stratiform (non-convective) cloud microphysics in MIROCG6 (Tatebe et al. 2019) are
basically the same as those used in MIROC5 (Watanabe et al. 2010). MIROCS5 implemented a
physically based bulk microphysical scheme. The previous version of the scheme in MIROC3.2
diagnoses the fraction of liquid-phase condensate to total condensate simply as a function of
the local temperature. In contrast, the explicit treatment of ice cloud processes allows flexible
representation of the cloud liquid/ice partitioning in MIROC5 and MIROC6 (Watanabe et
al. 2010; Cesana et al. 2015).

The MIROCG6 cloud microphysics scheme uses four quantities to describe water in the at-
mosphere: vapour; liquid-phase cloud droplets; raindrops; and frozen water. Only one quantity,
which we will refer to as ‘ice’, is used to describe all frozen water in large-scale clouds, including
aggregated snow, pristine ice crystals and rimed particles. Physically based transfer terms link
the four water quantities. The scheme treats two prognostic condansate variables: ice water
mixing ratio ¢; and cloud water mixing ratio q.. Water vapor mixing ratio ¢, affects the rate of
microphysical processes and g, itself is also modified via microphysical processes. Ice number
concentration N; is diagnosed as a function of ¢; and air temperature 7' in K. Cloud number
concentration N, is predicted by the online aerosol module implemented. Rain water mixing
ratio ¢, is treated as a diagnostic variable: g, falls out to the surface within the time step. Cloud
fraction is predicted as described in the section ‘pmlsc: Large Scale Condensation’.

The cold rain parameterization following Wilson and Ballard (1999) predicts ¢; using physi-
cally based tendency terms, which represent homogeneous nucleation, heterogeneous nucleation,
deposition/sublimation between vapor and ice, riming (cloud liquid water collection by falling
ice), and ice melting. The warm rain processes produce rain as the sum of autoconversion
and accretion processes. Specific formulations of each process are described in the following
“Microphysical Processes” subsection.

The scheme utilizes a “dry” mixing ratio ( kg kg_l) to define the amount of water condensate.
For example, ¢, is the mass of cloud water per mass of dry air in the layer. The dry air density
p kg m~3 is calculated as p = P/(Ru;T), where P is the pressure in Pa, and the gas constant of
air Ryir = 287.04 J kg=' K~!. A condensate mass is obtained by multiplying the mixing ratio
by the air density. (e.g., the mass of ice m; = pg;). A number concentraion is in units m=3.

Hereafter, unless stated otherwise, the cloud variables q., g;, N, and N; represent grid-averaged
values; prime variables represent mean in-cloud quantities (e.g., such that ¢. = Cq;, where C
is cloud fraction). Note that ¢,” # q,. ¢, for ice clouds is determined as described in pmlsc
section. The sub-grid scale variability of water content within the cloudy area is not considered
at present.

3.5.2 Microphysical Processes

The time evolution of ¢; by microphysical processes is written in symbolic form as follows.
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8q2-> <8Qi) <3qz'> <5qz'> (6%‘)
- =[5 + (5 + (5 + 5
< ot micro ot esnw ot fallin ot fallout ot hom
Dy 9g; 9qi dq;
+<at)het+(8t>dep+<at)rim+<at mlt

, where t is time. The terms of the right hand side denote evaporation of snow (sunscript
esnw), ice fall in from above layers (subscript fallin), ice fall out to below layers (subscript
fallout), homogeneous nucleation (subscript hom), heterogeneous nucleation (subscript het),
deposition/sublimation (subscript dep), riming (subscript rim), and melting (subscript mlt).
Similarly, the time evolution of g. by microphysical processes is

(58 = () (G0 () (50) L+ (B0, () o
micro hom het rim evap auto accr

, where the terms on the right hand side are homogeneous nucleation, heterogeneous nu-
cleation, riming, evaporation (subscript evap), autoconversion (subscript auto), and accretion
(subscript accr). The formulations of these processes are detailed in the following subsections.

The conversion terms of all processes are calculated at every layer downward from the top
layer (k=kmax) to the bottom layer of the column (k=1). k is the vertical level increasing with
height, i.e., k41 is the next vertical level above k.

The changes in the temperature of a layer is treated consistent with the phase-change of
water.

oT oT oT oT
I ¢ I ) B ) (102
ot phase change ot vapor+>liquid ot vapor<solid ot liquid<>solid

with

(3.140)

T v c T
() o= e (), (5) 149
ot vaporliquid Cp ot evap ot erain
) 3)
ot vapor<»solid Cp ot esnw ot dep
oT L 0q; 0q; Jq; 0q;
() o™ e (), (30), o (50) L (52)) o
ot liquid<>solid Cp ot hom ot het ot rim ot mlt

where L, L, and Ly is the latent heat of vaporization, sublimation, and fusion, respectively.
C), is the specific heat of moist air at constant pressure.

3.5.2.1 Ice Properties

The formulation of the ice conversion terms requires parametrization of the mass, fall speed
and particle size distributions of ice. These are described first and then subsequently used to
derive the conversion terms.
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The ice particle size distribution is parametrized as

Nl(D) = NiO exp(—0.1222(T - To)) exXp (—AZD) y (3146)

where D is the equivolume diameter of the particle in m, Ny = 2.0 x 105 m™*, T is the
temperature in K, and Ty = 273.15 K. A; represents the slope of the exponential distribution.
The temperature function exp(—0.1222(T — Tp)) represents the fact that ice particles tend to
be smaller at lower temperatures, and is an implicit way of parametrizing aggregation.

The mass of an ice particle is parametrized as a function of D

mi(D) = aD® (3.147)

where a = 0.069 kg m~2and b = 2.0.
The fall-speed of an ice particle at an air density of pg = 1 kg m™ is

w(D, po) = ¢D? (3.148)

where ¢ = 25.2m%4™ s~ and d = 0.527.
At low air densities a particle will fall faster than at high air densities. Considering such
ventilation effect, the fall-speed of a particle at arbitrary air density p is

w(D, p) = (po/p)™" vi (D, po) (3.149)

The combination of the size distribution, mass and velocity relationships yields a fall-speed
and ice water content relationship.

For a given ice content and temperature, A; can be calculated by integrating (A.2) across
the particle size distribution (A.1). This gives the result that, for a given temperature, A; is
proportional to the inverse cube root of the ice water content.

1

2aN; —0.1222(T — T 3
A= < aNio exp( ( 0))> (3.150)

m;
3.5.2.2 Evaporation of Rain and Snow
The evaporation rate of rain (%‘i’") ~ is expressed as
erain
a%") 1 F,

=—Fkp(@" —q) — 3.151
( ot erain IOAZ ( v) VTT ( )

, where F, denotes the net accumulation of rain water at the layer in kg m=2 s~!, Vp, the
terminal velocity, and kg the evaporation factor (V. =5 m s~tand kg = 0.5). ¢¥ correcponds
to the saturation water vapor mixing ratio at the wet-bulb temperature. The evaporation occurs
only when ¢* — g, > 0.

Similary to this, the evaporation rate of falling ice (%) is expressed as
esnw

dq; F;
94i _ w_ g 152
( ot >esnw kE <q ¢ ) VT’” <3 ’ )

where Fj; denotes sedimentation of cloud ice from above layers. Vpg is set to 5 m s~ 1.
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3.5.2.3 Ice Fall

The total ice flux from the layer ‘k’ is
Fi| = / Ni(D)m;i(D)vi(D)dD. (3.153)
0

The fraction of ice flux from level the ‘k’ to the below level ‘kk’ (1 <= kk < k) iceweight|, xx,
is given as

f(zm(k)—zm(kk)) N;(D)Ymi(D)v;(D)dD — f(zm(k)—zm(kk+1)) N (D)ms(D)us(D)D
. 0
Jo Ni(D)mi(D)vi(D)dD :

(3.154)

where zm(k) is the middle of the height of the layer k, and f(dz) is the ice size which falls
the distance dz in a single time step.
The net ice fall out from the layer is

aqi> At
9% __ 2 3.155
< ot fallout pAZ ( )

The net ice fall in to the layer ‘k’ is

l=kmax
3%‘) At o
— = — E Fi|p=; % 1C€W61ght|l7}C (3.156)
< o Jgain  PAZ I—Fi1 Z

3.5.2.4 Homogeneous Nucleation

This term simply converts all liquid cloud water to ice if the temperature is less than a given
threshold of 233.15 K.

0q; 9qc qe
1) — = = 1
( ot )hom < ot >hom At (3 57)

3.5.2.5 Heterogeneous Nucleation

A Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS; Takemura et
al. 2000, 2002, 2005, 2009) coupled with MIROCG6 explicitly predicts the masses and number
concentrations for aerosol species. Heterogeneous freezing of cloud droplets takes place through
contact and immersion freezing on ice cucleating particles (INPs), which are parameterized ac-
cording to Lohmann and Diehl (2006) and Diehl et al. (2006). Soil dust and black carbon are
assumed to act as INPs. Ratios of activated INPs to the total number concentration of soil
dust and black carbon for the contact freezing and the immersion/condensation freezing are
based on Fig. 1 in Lohmann and Diehl (2006). Using the number of INPs (Np,.) predicted in
SPRINTARS, the rate of heterogeneous freezing is diagnosed as follows.

dq; 0q. qc
A = - = Nnuc nucOs x , 1
( ot >het < ot >het maxt Wonueo At} (3:138)

The weight of nucleated drop, Wy, is set to 1.0 x 10712
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3.5.2.6 Deposition/Sublimation

A single ice particle grows or disappears by water vapor diffusion according to the following
equation:

om;(D)
ot

where 8%}@ is the rate of change of the particle mass; (S; — 1) is the supersaturation of

the atmosphere with respect to ice; R, is the gas constant for water vapour; k, is the thermal

conductivity of air at temperature 7', X is the diffusivity of water vapour; Pisati is the saturated

vapour pressure over ice; Lg is the latent heat of sublimation of ice; C' is a capacitance term and

F is a ventilation coefficient. C' is assumed to appropriate to spheres, so is equal to D/2 . F' is

given by Pruppacher and Klett (1997) as F' = 0.65 + 0.44S¢'/3Rel/2 | where Sc is the Schmidt

number, equal to 0.6, and Re is the Reynolds number, v(D)pD/u, where p is the dynamic
viscosity of air.

= (47C (S; — 1) F} ) {Ls/(R,T) — 1} L/ (kaT) + RyT/ (X Puai )] (3.159)

Integrating ice size distribution, (%‘ii

) is obtained as
dep

i 1 i(D
<aq> == / 9miD) \(pyap (3.160)
ot dep P ot
The ice grows or disappears depending on the sign of (S; — 1).
1. (SZ — 1) >0

The ice grows (deposition). If ¢. exists in the same grid, ¢. is evaporated as fast as the
deposition process (Wegener—Bergeron—Findeisen process).

(aqc> :—<8%> (3.161)
ot evap ot dep

The basis of this theory is the fact that the saturation vapor pressure of water vapor with
respect to ice is less than that with respect to liquid water at the same temperature. Thus,
within a mixture of these particles, the ice would gain mass by vapor deposition at the expense
of the liquid drops that would lose mass by evaporation.

2. (Si—1)<0

The ice disappears (sublimation).

3.5.2.7 Cloud water Collection by Ice (Riming)

Riming process (the ice crystals settling through a population of supercooled cloud droplets,
freezing them upon collision) is based on the geometric sweep-out integrated over all ice sizes
(Lohmann 2004):

9qi _ (94 _ mEswnosagel'(3+0) [ po 0-5 (3.162)
ot rim ot rim 4A§+b> p .
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where ngg = 3 x 106 m™* is the intercept parameter, \g is the slope of the exponential
Marshall-Palmer ice crystal size distribution, a = 4.84,b = 0.25, and py = 1.3 kg m—3 is the
reference density. I' is the gamma fanction. The collection efficiency FEgy, is highly dependent
on the cloud droplet and snow crystal size (Pruppacher and Klett 1997). The size-dependent
collection efficiency for aggregates is introduced as obtained from laboratory results by Lew et
al. (1986) (simulation ESWagg).

E3% = 0.9395t>%%7 (3.163)
The Stokes number (St) is given by
2 (V}/ — Ut) (7
t= ——M— .164
S Dy (3.164)

V} is the snow crystal terminal velocity, and D is the maximum dimension of the snow crystal.
v is the cloud droplet terminal velocity. g is the acceleration due to gravity.

3.5.2.8 Ice Melt

Since this term is essentially a diffusion term, although of heat instead of moisture, its form
is very similar to that of the deposition and evaporation of ice term. The rate of change of ice
mass of a melting particle is given by:

<%?>mu - (%?)mlt = 4nCF {ka/ L (TV = To)} (3.165)

,where Ly, is the latent heat of melting of ice, TV is the wet-bulb temperature of the air and
To = 273.15K is the freezing point of ice. Ice melt occurs when TW — Ty > 0. The capacitance
term, C, is considered to be that for spherical particles. Hence C' = D/2. The ventilation factor,
F is considered to be the same as in the deposition/sublimation process.

3.5.2.9 Warm Rain Cloud Microphysics

We assume N, is the number of aerosols activated as droplets. The nucleation of cloud
droplets is predicted in the aerosol module SPRINTARS (Takemura et al. 2000; 2002; 2005;
2009) based on the parameterization by Abdul-Razzak and Ghan (2000), which depends on
the aerosol particle number concentrations, size distributions and chemical properties of of each
aerosol species, and the updraft velocity.

The autoconversion term following Berry (1968) is a function of g, and V.

9qy g, 1b 12
(%) —-(%) -inaxme (3.166)
auto auto P b2 + b3

/
me

The parameters are set as by = 0.035, by = 0.12, bg = 1.0 x 10~ 2. The effect of aerosol-cloud
interaction on cloud lifetime is taken into account by the dependency on N..
The accretion term is given as

oqr > ( 0q. ) 1
( 8t auto at auto P

Rain water g, into the layer is from above the layer. g, is treated as a diagnostic variables:
qr falls out to surface within the time step.
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3.5.2.10 Total Precipitation

The total amount of precipitation at a certain pressure level, p, is obtained by integrating
the relevant processes from the top of the model (p = 0) to the respective pressure level. The
fluxes of rain and ice kgm =2 s~! are then expressed as

. — 1 P 94y 9qr 9qy _ dq,
Prain(p) = g/o (( at >aum * < at > * ( ot >mh ( ot >p> o B
L[ 8%) (8%) <6C.h'> (8%«) <0qr) >
Pice(p) = — - | = + | = — — dr(3.169
(p) g /0 <( ot fallin ot fallout ot rim ot mlt ot esnw Z:( )
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3.6 Radiation Scheme
3.6.1 Summary of the Radiation Flux Calculation

The radiation scheme in the MIROC was created based on the Discrete Ordinate Method and the
k-distribution Method (Nakajima et al., 2000), and updated by Sekiguchi and Nakajima (2008).
The scheme calculates the value of the radiation flux at each level by considering the absorption,
emission, and scattering processes of terrestrial and solar radiation by gases and clouds/aerosols.
The main input data are temperature 7', specific humidity ¢, cloud water [, and cloud cover C.
The output data are shortwave or longwave upward and downward radiation fluxes F'T, and
derivative coefficient to surface temperature dF'T/dTy, surface downward radiation flux F:},
and 0.5 and 0.67 pm optical thickness 79%.

The calculation is separated for several wavelength bands. It is further divided into several
sub-channels, based on the k-distribution method. As for gaseous absorption, the line absorption
in HyO, CO9, O,, O3, N3O, CHy, the continuous absorption in HoO, COs9, Oy, O3, and the CFC
absorption are incorporated. As for scattering, Rayleigh scattering of gases and scattering by
cloud and aerosol particles are considered.

Major subroutines used to calculate the radiation flux in SUBROUTINE: [DTRN31] of pradt.F
are as follows.

Calculate the Planck function from atmospheric temperature SUBROUTINE: [PLANKS, PLANKF]
Calculate the optical thickness to the gas in each sub-channel SUBROUTINE: [PTFIT2]
Calculate the optical thickness to the CFC absorption SUBROUTINE: [CNTCFC2]
Calculate the optical thickness to aerosol, Rayleigh scattering, and cloud SUBROUTINE: [SCATAE,
SCATRY, SCATCL]
Expand the Planck function by optical thickness for each sub-channel SUBROUTINE: [PLKEXP]
6. Calculate the transmission coefficient (T), reflection coefficient (R) and source function

(S) SUBROUTINE: [TWST]
7. Make T, R, and S matrixes for maximal/random approximation SUBROUTINE: [RTSMR]
8. Calculate the radiation flux by adding method SUBROUTINE: [ADDMR, ADDING]

Ll

ot

To account for the partial coverage of clouds, the transmission and reflection coefficients and
source functions for each layer are calculated at weighted average of the cloud cover, separately
for cloud cover and clear-sky conditions. The cloud cover of the cumulus is also considered. In
addition, it also performs several adding and calculates the clear-sky radiation flux.

3.6.2 Wavelength and Sub-Channel

The basics of radiative flux calculations are represented by Beer-Lambert’s Law.

FA(z) = FMN0)exp(—k*z) (3.170)

F? is the radiant flux density at the wavelength of X and &* is the absorption coefficient. In
order to calculate the radiative fluxes related to the heating rate, the integration operation with
respect to the wavelength is required.

Plz) = / F2)d) = / F0)eap(—k*2)dA (3.171)

However, it is not easy to calculate this integration precisely because the absorption and
emission of radiation by gas molecules have the complicated wavelength dependence of the
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Subroutine DTRN31
— [CNTCFC2] —{PLKEXP]

In:CFC concentration, In:total optical thickness, Plank function

[OPPARMZ]

In:parameter table _ o
absorption coefficient

Out: absorption coefficient,
optical parameters, mode
radius

4

[BCVR]

In:cloud cover
Out: cloud cover matrix

4

[RMDIDX]

In:calculated mode radius
Out:fitted mode radius

Out:optical thickness due to CFC

[SCATAE]
In:aerosl concentration, optical
parameters, fitted mode radius
Out:optical thickness due to
aerosol

[SCATRY]

In:Rayleigh scattering coefficient,
phase function moment, pressure
Out:optical thickness due to

Out:expansion coefficient

[TWST]

In:optical thickness, scattering

solar incidence angle factor

moments, expansion coefficients

Out: trar ission and refl

[RTSMR]
In:transmission and reflection
coefficient, radiation source
function, cloud cover matrix

tion
coefficient, radiation source function

Out: transmission and reflection

Rayleigh scattering and source matrixes

4

[PLANKS] « [PLANKF]

In:temperature,
function fitting parameter
Out:Plank function

[SCATC L] add each optical thickness

In:cloud concentration, optical
parameters, fitted mode radius
Out:optical thickness due to
cloud

[ADDMR]

In:transmission and
reflection and source
matrixes
Out:radiation flux

[ADDING]

In:transmission and
reflection coefficient,
radiation source
function
Out:radiation flux

4

[PTFIT2]
In:gas concentration, absorption coefficient
Out:optical thickness due to gas

Figure 4: Flowchart of SUBROUTINE: [DTRN31]

absorption line attributed to the structure of the molecule. The k-distribution method is a
method designed to make the relatively precise calculation easier. Within a certain wavelength
range, considering the density function F'(k) for A of the absorption coefficient of k, the above
formula is approximated as follows,

/ FA0)exp(—k*2)d\ ~ / F*(0)exp(—kz)F(k)dk (3.172)

where F*(0) is the flux averaged over a wavelength having the absorption coefficient in this

wavelength k in z = 0.
If F*(0) and F (k) are a relatively smooth functions to the k,

/ FM0)ewp(—k*2)dA\ = > F'(0)exp(—k'z)F (3.173)

the formula, as such above, can be relatively precisely calculated by the addition of a finite
number (sub-channels) of exponential terms. This method has furthermore the advantage easy
to consider the absorption and scattering at the same time.

In the MIROC 6.0, by changing the radiation parameter data, the calculations can be per-
formed at various wavelengths. In the standard version, the wavelength range is divided into 29
parts. In addition, each wavelength range is divided into 1 to 6 sub-channels (corresponding to
the ¢ in the above formula). There are 111 channels in total. The wavelength range is divided
by the wavenumber ( cm™! ), 1, 250, 400, 530, 610, 670, 750, 820, 980, 1175, 1225, 1325, 1400,
2000, 2500, 3300, 3800, 4700, 5200, 6000, 10000, 12750, 13250, 14750, 23000, 30000, 33500,
36000, 43500, 50000. Additionally, a chemical version is also with 37 bands and 126 channels
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for chemical transport model and the boundary of the shortwave region is also changed to 54000
-1
cm .

3.6.3 Calculation of the Planck Function

In this section, SUBROUTINE: [PLANKS, PLANKF] in pradt.F is described.
The Planck function BY(T), integrated in each wavelength range, is evaluated by the fol-
lowing formula.

5
BY(T) = A *Texp {Z BY (\“T) ”} (3.174)

n=1

where A% is the averaged wavelength of the wavelength range, BY is the parameter deter-
mined by function fitting. This is calculated to the atmospheric temperature of each layer T,
and the boundary atmospheric temperature of each layer T; /5, surface temperature T, and
temperature 1K higher than surface temperature T, ,1x. The calculations are performed for
each wavelength and each layer. In the following description, the subscript of the wavelength
range w is omitted.

3.6.4 Calculation of the Optical Thickness to Gas Absorption

In this section, SUBROUTINE: [PTFIT2] in pradt.F is described.
The optical thickness of the gas absorption (the line and continuum absorption are unified)
KD is expressed as follows by using the index m as the type of molecules.

KD =" pmotm) (3.175)
m=1

where k(™ is the absorption coefficient of the molecule m, which is different for each sub-
channel and determined as a function of temperature T' and atmospheric pressure p. C(™)
represents the amount of gas in the layer represented by mol/cm?/km, calculated by using the
gas concentration r(™) in ppmv ( Ccm = 10=1rm) pdz ). In the MIROC 6.0, the number of
the considered molecule types m is 6 (1:Hy0O, 2:COq, 3:03, 4:N50, 5:CHy, 6:03). Also, k(™) ig
represented as follows (the details are in Sekiguchi and Nakajima, 2008).

K™ — exp (log 1065™ + (A + BT)log (T/Tret2 )) (3.176)
log 10 (kgm ~ k") log10 (k{m) — k™)
B = — Tre - Tre 3.177
log <T7.€f3> log (@) /( 3 f1 ) ( )
TrﬁfQ Tref2
log 10 (k5™ — k™)
A= — BTy (3.178)

IOg (Tref3 /Tref2 )

Tref1—3 are the reference temperatures prepared in advance (200, 260, 320 K'), and k:gnfz)} are
the absorption coefficients when the reference temperatures Tj..r1—3 is used (also fitted at 26

atmospheric pressure grids).
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When considering the absorption of HoO, we calculate the optical thickness of the self-
broadening and add 75¢f.

FED(H20) _  KD(H20) | self (3.179)

L (H20self) ~1(H20)?

self
= 3.180
’ CH20) 4 pd2105 ( )

kH20elf) i5 calculated in the same way as k(™). The self-broadening absorption coefficients
in the reference temperatures T)..f1_3 are prescribed and dependent on the pressure. In the
above formula, 10° is multiplied to convert the unit from km to cm. This calculation is done for
each sub-channel and each layer.

3.6.5 Calculation of the Optical Thickness to CFC Absorption

In this section, SUBROUTINE: [CNTCFC2] in pradt.F is described.
The optical thickness of the CFC absorption 7¢FC is considered for several types of CFCs
m.

TOFC — Z IOk(m)r(m)pAzlo_l (3.181)

In MIROC 6.0, the number of the considered CFCs m is 28 (1:CFC-11, 2:CFC-12, 3:CFC-13,
4:CFC-14, 5:CFC-113, 6:CFC-114, 7:CFC-115, 8:HCFC-21, 9:HCFC-22, 10:HCFC-123, 11:HCFC-124,
12:HCFC-141b, 13:HCFC-142b, 14:HCFC-225ca, 15:HCFC-225¢cb, 16:HFC-32, 17:HFC-125, 18:HFC-134,
19:HFC-134a, 20:HFC-143a, 21:HFC-152a, 22:SFg, 23:CIONO2, 24:CCly, 25:NoOs5, 26:CaoFg,
27:HNOy, 28:SF5CF3). In the above formula, 107! is multiplied to convert from km to cm,
and from ppmv to ratio. This calculation is done for each sub-channel and each layer. This

calculation is performed for each layer and the wavelength range from about 540 to 1800 cm™!.

3.6.6 Optical Thickness to Scattering and Scattering Moment

Calculate the optical thickness of scattering and the scattering moment. These calculations are
performed for each wavelength and each layer. The optical parameters for the particle matter
q,(f;) are prepared, including the extinction coefficient (m = 1) including the scattering and
absorption process and the absorption coefficient (m = 2) the moments of the volume scattering

phase function (m = 3-4: first-second order).

3.6.6.1 Aerosol

In this section, SUBROUTINE: [SCATAE] in pradt.F' is described.
The optical thickness 7%¢, the part of the optical thickness due to absorption 77¢, the scat-
tering moment Q2 for aerosol are

Lae _ Zq%T(p) x pAz107! (3.182)
p
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5 = Y x pacao” (3.183)

Q¥ = Zq(p) ®) x pAz107H( m > 3) (3.184)

p is the aerosol type, and r) is volume mixing ratio of the particle. The optical parameters
for the particle q(p ) depend on the mode radius index n prescribed for each particle (IRA).
In the MIROC 6.0, the number of the considered aerosol types p 15 (1-6:s0il dust (binl-6),
7:carbonaceous (BC/OC=0.3), 8:carbonaceous (BC/OC=0.15), 9:carbonaceous (BC/OC=0),
10:black carbon (external mixture), 11:sulfate, 12-15:sea salt (bin 1-4)).

If the aerosol radius is used, the optical thickness 7€, the part of the optical thickness due to
absorption 7%, and the scattering moment Q¢ for the hygroscopic aerosols (e.g., carbonaceous,
sulfate, sea salt) are

=3[0 = FXa) a7 ir® + FXaea?) 17 ® | % p2A2107! (3.185)
p
=3 [(1 — FXae) a1 ® + FXaed$) 1 Hr@)} % pAz1071 (3.186)
p

Qi =3 [0 = FXae) g0 pur™ + FXacqD) 7| < p2AZ107 (m > 2)  (3.187)
p

re 1
FXae (RH RHif l{)) (ref) (ref)
Ranzt—i—l Ranzt

(3.188)

where RH is the local relative humidity and RH S}i{ ) is the relative humidity given in the
parameter and nfit is the number of the prescribed relative humidity closest to the RH. nfit
and F' X, are calculated in the SUBROUTINE: [RMDIDX] in pradt.F and determined in advance.
In the above formulas, 10~! is multiplied to convert from km to cm, and from ppmv to ratio.

3.6.6.2 Rayleigh Scattering

In this section, SUBROUTINE: [SCATRY] in pradt.F is described.
The optical thickness 7" of Rayleigh scattering and the part of the optical thickness due to
absorption 77, are

- € gmolidp

T = (3.189)
bsTD
T lod
7, = SLo2d (3.190)
bsTD

81



psTp = 1013.25 (3.191)

where e" is the Rayleigh scattering coefficient, gmol,, is the moments of the phase function.
These calculations are performed up to m = 2. Also, this is added to the optical thickness for
the aerosol.

T = 79 4 77 (3.192)

Tay = Tab  Tab (3.193)

3.6.6.3 Cloud

In this section, SUBROUTINE: [SCATCL] in pradt.F is described.
The optical thickness 7%, the part of the optical thickness due to absorption T p, and the
scattering moment Q¢ for cloud are

e — qgi)r(d) x pAz10~! (3.194)

ct
o=l x pAz107! (3.195)

ct
Qe = Z g'ct) > r(VpAz107 (m > 3) (3.196)

ct is the cloud particle type (1:liquid cloud, 2:ice cloud). The optical parameters for the

particle qﬁﬁt% depend on the mode radius index n prescribed for each particle (IRC). If the cloud
radius is used, the optical thickness 7, the part of the optical thickness due to absorption Tcll),

and the scattering moment Q¢ for cloud are

=3 [(1 — FXa) ¢\ 4 FXag ), Hr(d)} x pAz10"L (3.197)
ct
=Y [(1 — FXa) 50 + FXaqys), +1T(Ct)] % pAz10"! (3.198)

ct

Qo =D (1= FXa) 0 1)+ F X pyor® | x pA2107 (m23) (3199)
ct

re 1
FXy = (R — RU;D) P (3.200)

nfit+1 nfit

82



(ref)
t

where R(¢Y) is the calculated mode radius and R, fi is the mode radius given in the parameter

and nfit is the number of the prescribed mode radius closest to the R(°). nfit and FX, are
calculated in the subroutine SUBROUTINE: [RMDIDX] in pradt.F and determined in advance. In
the above formulas, 10~! is multiplied to convert from km to cm, and from ppmv to ratio.

Finally, the total optical thickness for particle scattering, Rayleigh scattering and absorption
7P and the contribution of scattering 75¢® are obtained as follows.

TP = 7o 4 poetr (3.201)

pscat _ P (T;ll) + T(;zl)e—&-r) (3.202)

In addition, the moments of the normalized phase function G are calculated up to the three
orders. The zeroth moment G is trivial from the normalization condition of the phase function.
The first and second moments Ga, G3, are referred as the asymmetry factor g and the truncation
factor f.

G1=10 (3.203)

Q. + Qi
Gm_1 = ";W(m >3), Ga=g, Gs=f (3.204)
This calculation is divided into the cloudy, clear sky and cumulus conditions. In the cloudy
and cumulus conditions, 7¢ in the 0.5 and 0.67 ym regions is as recorded as 79
DTRN3L1.

**Ret ig calculated in SUBROUTINE: [RADFLX] as follows.

in subroutine

1/3
3 p(ct)
(cty _ [ 2 P77
R ( e t%&“) (3.205)

pq(ﬁt) is the liquid or ice density. r“ is the amount of the liquid or ice cloud and calculated

as follows.

T‘(Ct) _ Cst""git) =+ Ccurgit)
1-(1-Cs)(1—Ce)

(3.206)

(' is the area of the cloud, and the subscript st and cu mean the stratus and cumulus. When

riitgu is the small amount in the stratosphere, it is reset to 0. n is the number density of

cloud particles.

liq
(lig) _ qae PN A . (lig) 9
n, max (RTU (18 x 10 °R, /R)’ JtigMmin (3.207)
(ice) _ qzizceepNA 1— #. (i(.:e) 9
fle = max (RTU (18 x 103 R, Ry )+~ i) Mnin (3-:208)
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where q(lfg is the mixing ratio of the aerosol particles calculated by the SPRINTERS and
(ct)

converted to the number concentration, and n;; is the minimum number of the cloud particles.
and fj;4 is liquid fraction. Also, ngd) is calculated as follows when using OPT_AECL_SIMPLE.

(ct)
plet) — _EMalmaz
‘ eng + nish)
a max

(3.209)

where n, is the number density of aerosol particles give as an external condition, and € and
nf{;’?x are constants. f;, is calculated by the following formula using the amount of cloud water

w (0 < fliq < ]-)

wstfliq,st + wcufliq,cu

= 3.210
th Wst + Wey ( )
3.6.7 Total Optical Thickness
All optical thickness including gaseous band absorption, and scattering is,
7 =KD 4 ;CON | P (3.211)

where because 75P is different for each subchannel, the calculation is done for each sub-

channel and each layer, and divided into the cloudy, clear sky, and cumulus conditions.

3.6.8 Expansion of the Plank Function

In this section, SUBROUTINE: [PLKEXP] in pradt.F is described.
In each layer, the Planck function B is expanded as follows and the expansion coeflicients
bo, b1, and by, are obtained.

B(7') = by + bi7’ + by (')’ (3.212)
Here, as B ('), B at the top of each layer (the boundary with the top layer) is used, and as

B(1), B at the bottom edge of each layer (the boundary with the layer below), and as B(7/2),
the B at the representative level of each layer.

bo = B(0) (3.213)
by = (4 B(r/2) — B(t) — 3 B(0))/7 (3.214)
by = 2( B(t) — B(0) — 2 B(7/2))/* (3.215)

This calculation is done for each sub-channel and each layer and divided into the cloudy,
clear sky and cumulus conditions.
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B(t/2) ~--------======--

B(7)

Figure 5: Second-order expansion using the optical thickness of the plank function

3.6.9 Transmission and Reflection Coefficients, and Source Function

In this section, SUBROUTINE: [TWST] in pradt.F is described.

Using the obtained optical thickness 7, optical thickness of scattering 75¢*  scattering mo-
ments g, f, expansion coefficients for Planck function b,,, and solar incidence angle factor pg, the
transmission coefficient T, reflection coefficient R, downward radiation source function e*, and
the upward radiation source function €~ are founded, by assuming a uniform layer and using
the two-stream approximation.

The single-scattering albedo w is,

scat

w =15 /1 (3.216)

The optical thickness 7*, the single-scattering albedo w*, and asymmetric factor g*, corrected
by the contribution from the forward scattering factor f are,

™ =7(1-wf) (3.217)
* (1 - f)w
T (3.218)
« _ 9~ f

W is a two-stream directional cosine.

1 1
= <\/§’ 166> (shortwave, longwave) (3.220)

W= =2 (3.221)
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Furthermore,

N

PE=w'W? (1£3g%u?) /2
Sy = w W™ (14 3¢"uop)
can be determined as above as a normalized scattering phase function.

X=pt- (P+ — }34‘)
— = 322t

Y:M_l— (P++]5+)

— -1 (A)*W72

= 3w oW pg*

Using the above formula, the reflectance R and transmission 1" become

*

X(14e ) A (1—e T
A4 = X<(l+e—)‘f*))+)\((l—e—’\f*)

X(lfe’m'*>f)\<1+e*>"r*)

BB = i) (i)

A=vXY

R=1(AA+ BB)

T = 3(AA - BB)

Next, we find the source function derived from the Planck function.

~ . _ 1 n
by = 27 (1 — w*) W (1_wf> by
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The expansion coefficients of the radiation source function can be found from the above
formulas.

D=1l (3.234)
DE=lg 2 (3.235)
D* (1) = D + Dfr* + D+ (3.237)

The radiation source function derived from the Planck function éi is

¢, =Dy —RDy —TD~ (1) (3.238)

¢t = Dt (r*) = TD{ — RD~ (%) (3.239)

On the other hand, the radiation source function of the solar-induced radiation is

€& = Fya (V;re‘;o —-TV — RVS_e_;o> (3.240)

€& = Fu <Vs+e_;0 — TV — Rvs—e‘lo> (3.241)

Here, Qv and V.* are expressed by the following formulas, and F,; is solar irradiance.

V;:I: _ % |:Q’Y + (% + UYS):| (3242)
_ Xodpotug o5
QY= g (3.243)

The direct solar transmission is also calculated in this subroutine.
Exdr — o= /1o (3.244)

This calculation is done for each sub-channel and each layer and divided into the cloudy,
clear sky, and cumulus conditions.
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3.6.10 T, R, S Matrixes for Maximal/Random Approximation

In this section, SUBROUTINE: [RTSMR] in pradt.F is described.

In this subroutine, T, R, S matrixes for maximal/random approximation is made. The
radiation source function, which is the sum of both the plank function and the solar incident
origins, is

¢—(cloud) _ €§(C10ud)TT(cloud) + gz(cloud) C (3.245)
¢—(clear) _ €§(Clear)T7,(clear) 4 €Z(Clear)(1 —0) (3.246)
¢ +(cloud) _ €§(C10Ud)TT(cloud) + gz(cloud)c (3.247)
H{clear) _ gHClear) p (clear) | o~ (clear) (1 _ (3.248)

Tr is the direct solar transmission for maximal/random approximation and calculated as
follows in SUBROUTINE: [DTRN31].

Tr(cloud) — gy (cloud) p(3) | gy (clear) <1 _ BT(L1)> (3.249)
Ew,(fjrofld) _ Trgcloud) Ex;ilir(cloud) (3.250)
Tr(elear) — pg(cloud) (1 _ Bﬁf’)) + Eg(clea) g(1) (3.251)
Bz = yldlean) padir(clean) (3.252)

)

. . . . 1-4) . . ..
Ez is the cumulative direct solar transmission. B,(l is the cloud cover interaction index

and calculated in SUBROUTINE: [BCVR]in pradt.F.

l — X Cn7 ,Cn
Bl = 1max(CosCu) (3.253)
(2) _ 1-max(Cpt1,Ch)
B — m?—Tﬁ (3.254)
BY) = min(Ga-1.0n) (3.255)
4 min(Cy,+1,Crn
BW — I(Tﬁ) (3.256)
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Next, T matrixes for maximal /random approximation are calculated.

7+ (cloud,1) _ 7p(cloud) (3) (3.257)
TH(loud2) — pcloud) (1 _ p(1)) (3.258)
TH(clear,1) — lelear) (1 _ B(3)) (3.259)

T+ (clear,2) _ (clear) g(1) (3.260)

T—(cloud,1) _ 7(cloud) g(4) (3.261)
T~ (cloud2) — pcloud) (1 _ p(2)) (3.262)
T~ (clear,1) — lelear) (1 _ p(®)) (3.263)

7—(clear,2) _ rp(clear) g(2) (3.264)

Also, R matrixes for maximal/random approximation are calculated.

RH(cloud,1) _ p(cloud) g(3) (3.265)
R+(cloud:2) — peloud) (1 _ p(1) (3.266)
R+ (clear,1) _ p(clear) (1 _ B(s)) (3.267)
R(clear,2) _ p(clear) g(1) (3.268)
R-(cloud,1) _ p(cloud) g(4) (3.269)
R~(cloud2)  Rleloud) (] _ p(2) (3.270)
R~ (clear1) — pclear) (1 _ p(4)) (3.271)
R—(clear2) _ p(clear) g(2) (3.272)

This calculation is done for each sub-channel and each layer.
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Figure 6: Schematic illustration of the adding method

3.6.11 Adding of Source Functions for Each Layer

In this section, SUBROUTINE: [ADDMR] and SUBROTINE: [ADDING] in pradt.F is described.

By using transmission coefficient T, reflection coefficient R, and radiation source function ¢
in all layers, the radiation fluxes u at each layer boundary can be obtained by using the adding
method. This means that the when two layers of T', R, € are known, the T', R, € of the whole
combined layer of the two layers can be easily calculated.

3.6.11.1 SUBROUTINE: [ADDMR]

In this subroutine, the maximal /random flux in cloudy conditions is calculated by the adding
method and the T, R, and S matrixes are used for calculations.

First, the upward radiation source function the bottom layer is calculated.

In the shortwave region,

GE(Cloud) _ W+055,U0 (i) Foej\[(T*)/uO(ClOUd) (3273)

6—(c1ear):W+as 0 1 Foe—<7*>/HO(Clear) 3.274
N HO\ N
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(7*) indicates the total optical thickness 7* of from the upper end of the atmosphere to the up-
per end of the layer currently being considered and e~ (7")/#0 is calculated in SUBROUTINE: [ADDMR]
of pradt.F.

In the longwave region,

f]_\f(doud) _ 6]—\[(cloud) +Wtor (1 _ as) BnCy (3275)
GZ—V(clear) _ Ej—v(clear) +Wton (1 . as) By (1 . CN) (3276)

Here,
Wt =pl/? (3.277)

+

1 regarded from the first to the n layers as a

The reflectance R}, and source function e
single layer are

e =et+TF (1 - R,tR;n_l) (R;n_leg n ein_l) (3.278)

,n

~1
Ri, =R, + T (1= RiRL, ) Ri,iT7 (3.279)

The upward and downward fluxes at the bottom of the atmosphere are

uj\_f+1/2 = (1 - Rl_,NARE)_l (GINA + R1_,N71€E) (3.280)

W= (1- R]’\L,RI_’NA)_l (e + Rein ) (3.281)

Also, upward and downward fluxes at the boundary between layers n and n 4+ 1 are

—1
= (1= R BE) (BLa T,y + Risien +66) (3.282)

U1y = (1 - RﬁRinfl)fl (T{u;+1/2 +Riel, 1+ e;) (3.283)

However, the upward and downward flux at the upper end of the atmosphere is as follows.

Uy =0 (3.284)
Uy g =Ty Uy + € (3.285)

Finally, since this flux is scaled, we rescaled and added the direct solar incidence to the find
the radiation flux. Furthermore, the flux in the cloudy area and the clear sky area is added.
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Wt +(cloud) +(clear) —(7*) /o (cloud)
Fn++1/2 - W (“n+1/2 U, 10 ) + poFo (€n+1/2 Ho ) (3.286)

— _ wt —(cloud) —(clear)
Fn+1/2 - W (un+1/2 + un+1/2 ) (3287)

Also, surface direct downward radiation flux F s+f is

S

Ft — ,UJOFO (61_\7<T*>/M0(Cloud) 4 e]—\](T*)/ug(clear)) (3288)
This calculation is done for each sub-channel.

3.6.11.2 SUBROUTINE: [ADDING]

Since the maximal/random approximation cannot be used under the clear sky condition,
this subroutine is used to calculate the flux.

First, the radiation source function, which is the sum of both the plank function origin and
the solar incident origin, is

et = e (o 4 & (3.289)

There are layers 1,2,..., N from the top. The surface layer is considered to be a single layer
and the N layer. Given the reflectance and source function of the layers from the n to the N
layer as a single layer Ry, v, €, v,

Run = Ron + Ty (1 — RypinRy) ™' RuaTh (3.290)

oy =6 +Tn(1—Rop1nR,) ™ (Rnﬂ,Nex +e, N) (3.291)

Ron = Run + Ty (1= Ryy1nRy) ' Rui T, (3.292)

enny =0 +Tn (1= RopinRy) ™ <Rn+1,N€7+L + 61:,N> (3.293)

This can be solved by n = N — 1,...,1 in sequence, starting from the values at the surface
Ry N, 6]_\/,N'

Ry N =Ry =a; (3.294)

eny =W (asMO (i) e (T Ry + 2 (1 — ) BN> (3.295)

+

1. regarded from the first to the n layers as a

The reflectance R;, and source function e
single layer are
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Riy=Ry+Ty(1=Rin 1Ry " RinaTy (3.296)

€y =€ +Tu(l - Ripo1Ry) ! (Rl,n_leg + e{n_1> (3.207)

It can be solved by n = 2,..., N, starting from Ry 1 = Ry, eil = ef.
With these, downward flux at the boundary between layers n and n 4 1, the downward and
upward flux are came back to a problem between two layers of combined layer, the combinations

of layers 1 —nand n+1— N.

uh == RinRosin) " (ein n Rl,ne;rLN) (3.298)

Upt1/2 = Rn+LN“j{,n+1 +eN (3.299)

can be written as above. However, the flux at the top of the atmosphere is

Uy =0 (3.300)
Uy = €N (3.301)

Finally, since this flux is scaled, we rescaled and added the direct solar incidence to the find
the radiation flux.

+ _ *
Flirjp = 7 Uiy + Hoe” TIHOF, (3.302)
_ _wt -
Bt = Wl (3.303)

Also, surface direct downward radiation flux F:]} is

Ffy = poFoe™ (70 (3.304)

3.6.12 Adding in the Flux
FE=Y"we(l = Co) FE 4+ weCo I (3.305)
FoE = wFo* (3.306)
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If the radiation flux F| é[ is found for each sub-channel in each layer, the wavelength-integrated
flux is found by multiplying a weight w. correspondingly to a wavelength representative of the
sub-channel and adding. C,, is the horizontal coverage of the cumulus cloud. It is divided into
the short wavelength range and long wavelength range and added together. In addition, the
downward flux of a part of the short wavelength region (shorter than the wavelength of 0.7-0.8
pm) at the surface is obtained as PAR (photosynthetically active radiation). Also, the radiation
flux in the clear-sky condition is calculated (F°F).

Also, in the shortwave region, we find the downward radiation at the lower end of the
atmosphere and the difference between the surface direct downward radiation flux.

Sf - Z we (1= N+1/2 + Z wccchN+1/2 (3.307)

sf,dlf ch - <F]—\i[_+1/2 > + ch cu ( N+1/2 — Scf) (3308)
This calculation is done in SUBROUTINE: [DTRN31]

3.6.13 Calculation of the Temperature Derivative of the Flux

To implicitly solve for surface temperature, calculate differential term of upward flux with respect
to surface temperature dF'T /dT;. Therefore, we obtained the value for temperatures 1K higher
than T, B“ (T, + 1) and used it to redo the flux calculation using the addition method, and
the difference from the original value is set to dF'T/dT,. This is a meaningful value only in the
longwave region (earth radiation region). This calculation is done in SUBROUTINE: [RADFLX] of
pradt.F.

3.6.14 Calculation of the Heating Rate

The heating rate of the nth layer H, is calculated by using the radiation flux obtained so
far. It is calculated separately for shortwave and longwave ranges, and finally add together
(SUBROUTINE: [RDTND] in pradm.F).

(Fy —F,)— (Ff—Ff)
ngdp

H, = (3.309)

3.6.15 Flux of incidence and incident angle
In this section, SUBROUTINE: [SHTINS] in pradi.F is described.

The following parameters are determined using the orbital eccentricity e, with reference to
Berger (1978).

B=+1—e2 (3.310)

a1 = -2 (3e+2e¥) (1+5) (3.311)

az = —2(—1€) (3 + ) (3.312)
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az = -2 (%) (1 +5) (3.313)

by = 2e — 1é3 (3.314)
by = 2e? (3.315)
by = 13¢3 (3.316)
Additionally,
e = Lln (3.317)
w = W80, (3.318)

where epsd and vpid are the angle of the obliquity, and the precession represented by the
true longitude of the perihelion measured from the vernal equinox.
The mean longitude of the vernal equinox Ay is computed.

Ao = ag sin(—w) + ag sin(—2w) + az sin(—3w) (3.319)

The mean longitude of the Earth position A, at time t,, is represented by using the position
of the vernal equinox Ag.

Am = gm0+ ) (3.320)

T 2mXtyear

where tycq, is the number of seconds in year, and the origin of the time ¢ is defined as the
time of the vernal (March) equinox.
The true longitude of the Earth position V' at time ¢, is calculated as below.

(3.321)
V=An—w+bisin(\, —w)+basin2 (N, — @) + bgsin3 (A, — w) (3.322)

The solar declination ¢ is
0 = arcsin(sin esin(V + w)) (3.323)

The incident angle cos ( is founded by using the latitude ¢, the solar declination §, and the
hour angle at a point of longitude h.
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o = cos ¢ = sin ¢ sind + cos ¢ cos d cosh (3.324)

Incident Flux Fj is represented as follows,

Fo = Foor™? (3.325)
_ 1—¢2
r= 1+e(cos V+w) (3326)

where Fjyo is the solar constant and is the ratio to the time of the distance between the sun
and the earth. The number of times when cos ¢ > 0 (in the daytime) in time increments (set in
NHSUB), is counted, and Fy and cos ¢ are finally averaged.

It is also possible to give average annual insolation. In this case, the annual and day mean
incidence and angle of incidence are approximated as follows.

F = Fog/ﬂ' (3327)

fip = 0.410 + 0.590 cos? ¢ (3.328)

3.6.16 Reading Each Parameter

In SUBROUTINE: [OPPARM2] of pradt.F, various parameters used for radiation calculation are read.
The outline of the procedure is shown below.

1. Read the numbers of bands, the radiances representative of upward and downward ra-
diation, the grids of the pressure log(p), grid of the temperatures, the optical flag, and
CFCs.

2. Read the band boundaries and the information of the pressure grid and temperature grid.

3. First, the optical property flag, the number of channels, the weights for channels and the
number of the molecules including in a waveband are read. The optical property flag is
modified in order to distinguish the PAR, 0.67, 0.5, and 10.5 um. Additionally, molecule
ID and k-width are read for each molecule. Finally, the absorption coefficient for the
self-broadening and CFC are also done only when the optical property flag in the band is
positive. The k-width and the absorption coefficient for the self-broadening are arranged
in the order of the grid of the temperatures, the grids of the pressures, and the channels.
Step 3 is performed for each wavelength band.

4. First, the number of particles is read. Next, the numbers of the modes and the mode
radius (or relative humidity) are read for each particle. Using the mode radius (or rel-
ative humidity), the following parameter required to interpolate the calculated values is
calculated for each mode number.

1
(3.329)
R(Tef)

n+1 Rglref)
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5. Read the band boundaries again.

6. Read the Plank function coefficient, solar insolation, surface properties (not output),
Rayleigh scattering coefficient, Rayleigh scattering phase function. The moment for par-
ticle scattering phase function is read in the order of the particle and the optical number
and read up to the second moment. Step 6 is performed for each wavelength band.

3.6.17 Other Notes

The calculation of the radiation is usually not done at every step. Thus, the radiation flux is
saved, and it is used if the time is not used for radiation calculation. As for the shortwave
radiation, using the percentage of time (time is g > 0) between the next calculation time f
and the solar incidence angle factor averaged over the daylight hours fig, seek the Flux F,

F=flp (3.330)
Ho
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3.7

Turbulence Scheme

A turbulence scheme represents the effect of subgrid-scale turbulence on the grid-mean prognos-
tic variables. It calculates the vertical diffusion of momentum, heat, water and other tracers.
The Mellor-Yamada-Nakanishi-Niino scheme (MYNN scheme; Nakanishi 2001; Nakanishi and
Niino 2004) has been used as a turbulence scheme in MIROC since its version 5, which is an
improved version of the Mellor-Yamada scheme (Mellor 1973; Mellor and Yamada 1974; Mellor
and Yamada 1982). Its closure level is 2.5. Level 3 is available, however it was not adopted as a
standard option, since we could not gain large benefits despite its much greater computational

costs.

In the MYNN scheme, liquid water potential temperature 6; and total water ¢, are used as
key variables, which are defined as

Lv Lv+Lf Ds \ Op
= (17— g -2 ) ()7 331
’ ( Cpql Cp q) <P> (3:331)

Qu = Qv+ 9 + 4, (3.332)

where T" and p are temperature and pressure; ¢,, ¢; and ¢; are specific humidity, liquid water
content, and ice water content respectively; C), and Ry are specific heat at constant pressure and
gas constant of dry air respectively; L, and Ly are latent heat of vaporization and fusion per
unit mass respectively. ps is 1000hPa. These variables conserve for the phase change of water.

In the level 2.5, the scheme predicts the time evolution of twice turbulent kinetic energy as
a prognostic variable, which is defined by

¢ = (W +0* + w?) (3.333)

where u, v, and w are velocities in zonal, meridional and vertical directions respectively.
In this chapter, uppercase letters represent grid-mean variables and lowercase counterparts the
deviation from the grid-mean. () denotes an ensemble mean. In the Level 3, (6;?), (qw2), (61¢w)
are also predicted, but we skip the details here.

The outline of the computational procedures is given as follows along with the names of the
subroutines. All the subroutines listed here are written in a Fortran source code of pvdfm.F.

NS Tt W=

Calculation of friction velocity and the Obukhov length

Calculation of buoyancy coefficients [SUBROUTINE:VDFCND]

Calculation of stability functions of the Level 2 [SUBROUTINE:VDFLEV2]

Calculation of planetary boundary layer depth [SUBROUTINE:PBLHGT]

Calculation of master length scale [SUBROUTINE:VDFMLS]

Calculation of diffusion coefficients, vertical fluxes and their derivatives [SUBROUTINE:VDFLEV3]
Calculation of production and dissipation terms of twice turbulent kinetic energy [SUB-
ROUTINE:VDFLEVB]

Calculation of tendencies of prognostic variables with implicit scheme

3.7.1 Surface Layer

The friction velocity u, and the Obukhov length Lj; are given as
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N

uy = ((uw>92 n <vw>g2) , (3.334)

. ev,gu*S
k9<w‘9v>g’

where the subscript g indicates the values near the surface 6, and 6, denote virtual potential
temperature, k the von Karmén constant, and g the acceleration of gravity. The values of the
lowest model layer is used for ©, 4.

Ly = (3.335)

3.7.2 Calculation of the Buoyancy Coefficients

The buoyancy-production term in the prognostic equation of the twice turbulent kinetic energy
contains (wé,). Following Mellor and Yamada (1982), we assume the probability distribution of
0; and g, in a given grid and rewrite this term as

(W) = Bo(wby) + By{waw)- (3.336)

However, note that unlike Mellor and Yamada (1982) and Nakanishi and Niino (2004), the
probability distribution assumed here is not Gaussian. It is triangular documented in the PDF-
based prognostic large-scale condensation scheme (Watanabe et al. 2009). In this case, the
buoyancy coefficients, 8y and 3, are written as

By =1+€Qu — (1+€)Q; — Q; — Rabe, (3.337)

B, = €© + Rac, (3.338)

where € = R, /Rg — 1. R, is the gas constant for water vapor, and

-1
B L, 0Qs
a (1 + c, or T:Tl> , (3.339)
T 0Qs
b= S aT . (3.340)
_9L 1 1 ; 1 C) 3.341
=g 1+eQu-(1+9Q - Q) -1+, (3:341)
_ 2
R—R{l—a[Qw—Qs(Tl)] il}—ﬁZQ, (3.342)
0'32 = <Qw2> - 2b<equu> + b2<612>7 (3343)

where R and @; are cloud amount and liquid water computed from the probability distribu-
tion in the grids, respectively, and @) is saturation water vapor.
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3.7.3 Stability Functions for the Level 2

It is known that the Mellor-Yamada Level 2.5 scheme fails to capture the behavior of growing
turbulence realistically (Helfand and Labraga 1988). Thus, the MYNN scheme first calculates
the twice turbulent kinetic energy of the Level2 g2, and then make a correction to the diffusion
when ¢ < g9, i.e., the turbulence is in a growing phase. The stability functions of the level 2,
Stro and Spyye, required for the calculation of g2, are represented by

Rf. — Rf
= e 4 .344
Sz = Suc | —Rf (3.344)
Ry — R

Sre = SMC}HSHQ, (3.345)

where Rf is the flux Richardson number and calculated as
Rf = Ra [Ri + Rip — (Ri® — RiyRi + RZQ?)W} . (3.346)

Here, Ri is the gradient Richardson number represented by

g (. 90 0Qu oUN?  [oV\?
_9 ) - - . .34

Ri=35 (59 g2 TPig, 9z ) T\ o: (8:347)

The other symbols indicate quantities independent of the environmental field, which are
given as follows.

Suc = 3A2(m +72), (3.348)
A1 Fl
=—— 34
Smc L5 (3.349)
71
Rfc.= ; 3.350
d 7+ 72 ( )
-C
Rpy =B 1 (3.351)
Fy
Y1
=B .352
Ryo e (3.352)
Ry= (3.353)
Zl - 2SMC7 .
Ria = Rp1Suc, (3.354)
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Ri3 = 4R2Snc — 2Ria, (3.355)

where
1-3
Ay =Bi— n (3.356)
11— C
A=A 3.357
T P ( )
C _ (3.358)
1= — ’ .
3A,B,3
Py = Bi(n — C1) +241(3 — 2C2) + 342(1 — C2)(1 — Cs), (3.359)
Fy = B1(’}/1 + ’YQ) — 3A1(1 — CQ), (3.360)
By 244
=—=(1-0C — (3 —-2C 3.361
= P2 (- Cy)+ 2 (3-20y), (3.361)
and
(Pr, 1, By, B, Ca, Cs, Cy, Cs) = (0.74,0.235, 24.0, 15.0, 0.7, 0.323, 0.0, 0.2). (3.362)

3.7.4 Master Length Scale
3.7.4.1 Original Formulation by Nakanishi (2001)

Nakanishi (2001) proposed the following formulation for the master length scale L.

1 1 1 1
- =4+ —4+ —, 3.363
L Lg + Ly + Lp ( )
where Lg, L, Lp represent length scales in the surface layer, convective boundary layer,
and stably stratified layer respectively. These length scales are formulated as

kz/3.7 ¢>1
Ls =< kz/(274() <¢<1 (3.364)
kz(1— a4C)0'2 (<0
- qz dz
Ly =012 —— (3.365)

/ qdz
0
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agq/N 00,/0z>0 and (>0
Lp=1{ [a2+as(g/LrN)V? ¢/N 00,/0z>0 and (<0 (3.366)
00 00,/0z <0,

where ( = z/Ljy is a height normalized by the Monin-Obukhov length Ly, N = [(g/@)(8@@/82)]1/2
is the Brunt-Viisila frequency and q. = [(9/©)(w,),L7]"/? is a velocity scale in the convective
boundary layer.

3.7.4.2 Modifications in MIROC

The above formulation works well when the domain of the model is limited to the planetary
boundary layer (PBL) and its surrounding area. However, if the the upper troposphere is
included, the formulation gives inappropriate behaviors depending on the conditions: e.g. Lp,
the length scale of the convective boundary layer, is used in the free atmosphere, and the
turbulent kinetic energy in the free atmosphere is taken into account in the calculation of L.

In order to avoid such misbehaviors, the top height of the convective boundary layer Hppr,
is estimated in MIROC and we consider that the region below h = [(FHHPBL)2 + Hg)l/2 is the
one where the PBL-derived turbulence is dominant. Here, we adopted Fg = 1.5 and Hy = 500m.

Below the altitude h, equation (3.363) is used as the master length scale, but the vertical
range of the integration in Ly is modified as

h
/ qzdz
0 (3.367)

h )
/ qdz
0

and then the master length scale above h is represented as

LT:Oq

L1 1
L LS LA Lmax

(3.368)

where L4 = a5 q/N is a length scale of air parcel vertically transported by turbulence in a
stably stratified layer. as represents the effect of dissipation set to 0.53. Lyq; = 500m gives the
upper limit of L.

3.7.4.3 Estimation of the Top Height of the Convective Boundary Layer

Based on Holtslag and Boville (1993), Hppy, is estimated using the bulk Richardson number
Rip given as

[9/04(21)][O0(2k) — Ou gl (21 — 24)
[U(zr) —U(21))2 + [V (2k) — V(21)]? + Fuus?’

where zj, is the altitude of a k-th model layer from the bottom at full level, z; the altitude
of the lowest layer at full level, z, the altitude of the surface. F, is a dimensionless tuning

Rip = (3.369)

parameter, and

O,y = Ou() + By 00, (3.370)

m
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Wiy, = Us /O, (3.371)

=

b = (1 - 15LZS >_ , (3.372)
M

where z; is the altitude of the surface layer assumed to be 0.1Hppr. Fjp is a dimensionless
tuning parameter.

Rip is successively calculated from & = 2 upward, and then if Rip exceeds 0.5 for the first
time, it is linearly interpolated between this level and the level immediately below it. The height
satiffying Rig = 0.5 is used as Hppy. Since Hppy, is necessary for the calculation of z;, we first
calculate z, using a temporary value of Hppy, = 21 — 24, from which we calculate the first guess
of Hpgr. Then we use this value for the recalculation of zs, and then it is used for the final
estimate of Hppgry,.

3.7.5 Calculation of Diffusion Coefficients

3.7.5.1 Twice Turbulent Kinetic Energy of Level 2

The twice turbulent kinetic energy of the level 2, ¢o2, is calculated from the following equa-
tion, which neglects the time derivative, advection and diffusion terms in the prognostic equation
of the twice turbulent kinetic energy.

P,+ P —e=0, (3.373)

where P; and P, denote the production terms by shear and buoyancy respectively. ¢ is the
dissipation term. P and P, are written as

oUu aVv
P, =— — = —, 374
(wu) P (wv) P (3.374)
_ g
P, = 6<w0@>, (3.375)
respectively. In the level 2 of the MYNN scheme, these are represented as
oUN?  [OV\?
P, = LgS — — , 3.376
12 < 0z ) + ( 0z > ( )
o g 691 aQw
b, = LqSHz9 [/39 5, T Bq % | (3.377)
3
g
€= BL (3.378)

From (3.373), (3.376), (3.377), and (3.378), ¢3 is calculated by

(5) (%)
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q2° = B1L {SMQ + SHQe (ﬁe 92 +,3q782 >} . (3.379)




3.7.5.2 Stability Functions of the Level 2.5

When ¢ < g9, i.e., the turbulence is in a growing phase, the stability functions of the Level
2.5 for momentum and heat, Sy; and S respectively, are calculated using o = ¢/g2 introduced

by Helfand and Labraga (1998) as

Sm = aSuo,

SH = OZSHQ.

When g > g2, Sy and Sy are calculated as

Es — 3C1E

Sy = A13—14,
EsE4 + E5FE5
Ey + 3CLE

Sy = AZM,
EyEy + EsE3

where

Ey =1—3A3B,(1 — C5)Gy,

E2 =1- 9A1A2(1 — CQ)GH,

Es=F; + 9A22(1 — Cg)(l — C5)GH,

Ey,=FE, — 124, A5(1 — Cy)Gy,

Es = 6A41°Gyy,
G — L72 aiU ’ + 87‘/ ’
M= q? 0z 0z ’
 LPg (.00 0Qu
Ci="po (59(% Waz) -

(3.380)

(3.381)

(3.382)

(3.383)

(3.384)

(3.385)

(3.386)

(3.387)

(3.388)

(3.389)

(3.390)

The above formulas appear to be different from those in Nakanishi (2001), but are equivalent

and can be computed with a smaller computational cost.

104



3.7.5.3 Calculation of Diffusion Coefficients

The diffusion coefficients for momentum, twice turbulent kinetic energy, heat and water are
represented by

Ky = LgSur, (3.391)
K, =3LqSy, (3.392)
Ky = LqSh, (3.393)
Ky = LqSh, (3.394)

respectively.

3.7.5.4 Calculation of Fluxes

The vertical fluxes for U, V, ¢?, C,T and @, at half levels are calculated as

Fup—1/2 = —Pk1/2KM,k1/2(]ZZk_Ullj;la (3.395)
For-12= _Pk—l/QKM,k—1/2m7 (3.396)
For-12= —Pk—1/2Kq,k_1/2q222_]€q122_1, (3.397)
Frir—1/2=—pr-12Knr-1/2 Cka—1/2@l’Z;€il/’:l, (3.398)
For-172 = —pr—1/2Kuw 172 w’ZZin;_l, (3.399)

respectively, where p denotes density and II the Exner function. In order to perform time
integration with an implicit scheme, the derivative of each of the vertical fluxes is also calculated
as

OFup—1j2 _ OFyp—y2  OFup—12  OFyp1y2 K
WUpa Ve | oU, o, PRRRMeel2A T

. (3.400)
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-2 OFgk—1)2 1

9 02, = pr—1/2K. ,kq/zm, (3.401)
8?%::1/2 = Pkl/?KH,k1/2CpH1—];;_liZ Azkll/g’ (3.402)
aFg’Zl/Q = —pk—l/zKH,k—uszH]H;/z Azklm, (3.403)

where Azy_1/9 = 2k — z;—1. The fluxes for other tracers are also calculated in the same way
using K.
3.7.6 Calculation of Turbulent Variables
3.7.6.1 Calculation of Twice Turbulent Kinetic Energy
The prognostic equation for ¢? is expressed as
dq? 1 0F,

— =————+2(P;+ P, —¢). 3.405
&= e t2PA o) (3.405)

In the Level 2.5, P;, Py, e are written as

oUN?  [aV?
_ g 00, aQw
3
g
C= BT (3.408)

Advection terms are calculated using the tracer transport routines in the dynamical core.
The turbulence scheme calculates the time evolution by the diffusion, production and dissipation
terms with an implicit scheme.
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3.7.6.2 Diagnosis of Variance and Covariance

The prognostic equations for (6;2), (q,2), (f1qe) are expressed as

d{0,%) ) 00,
d <Qw2> 0 2 0Quw
s )~ 2] 5E = 2, (3:410)
d(quw> _ 2 00, 0Quw _
T (WO1q) — (W) 5 (wh)) —— 92 2e0q. (3.411)

In the Level 2.5, the time derivative, advection, and diffusion terms in these equations are
neglected assuming the following local balances.

00

— (wby) 87; —eq =0, (3.412)
OQuw
- <wa> % —Equw = O, (3.413)
00 0Quw
— (Wqw) 871 — (wby) ;i —2¢9, = 0. (3.414)

In the Level 2.5 of the MYNN scheme, — (w#;), — (wqw), €61, Equ, Eoq are represented as

— (wh)) = quHaa@l (3.415)
~ (wgu) = LaSu 2, (3.416)
el = —— (67) (3.417)
oL N
q
fq0 = B, () (3.418)
€oqg = BQL (91qw> . (3.419)
from (3.412)-(3.419), (6;%), (qw?), (f1qw) can be diagnosed as
00
2 l
(0:%) = B LSy < az> : (3.420)
(02) = Bo125yy (22 2 (3.421)
w az Y *
00, 0Qw
w) = BoL? 422
(010w} = BaL*Spr— === (3.422)
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3.7.6.3 Treatment in the Bottom Layer

Since the lowest model layer corresponds to the surface layer where values of physical vari-
ables rapidly change in the vertical direction, the following Monin-Obukhov similarity theory is
used to accurately evaluate the vertical gradient of the variables.

aMiu*

= = om (3.423)
00 0,
0Qy _ Qox
=g, (3.425)

where M is the horizontal wind velocity for the horizontal axis aligned to the direction of
the horizontal wind in the surface layer. ¢,, and ¢; are the dimensionless gradient functions for
momentum and heat respectively. 6, and ¢, are the scales of potential temperature and water
vapor in the surface layer respectively, and satisfy the following relationships.

(wm)y = —u?, (3.426)
(wh)g = —ubs, (3.427)
(Wav)g = —Usux, (3.428)

where m is the deviation of M from the grid mean. Using M and m, the production term
of the turbulence kinetic energy is written as

oM
P+ Py = (wm) 5= + %<wev>. (3.429)

Using (3.423), (3.426) and the definition of the Obukhov length, it is rewritten as

us

P, + P, = koot

[Pm (C1) — Gl (3.430)

where (1 is ¢ at the full level of the lowest model layer.

Assuming that the effect of cloud particles are negligible in the surface layer, (6;%), (qu?),
(01qw) is calculated diagnostically from (3.412)-(3.414), (3.417)-(3.419), (3.424), (3.425), (3.427),
and (3.428) as

_ on(G1)

usx k21

) (wh)y* | == (3.431)



(qu®) = & (G) (way)g” / 1 (3.432)

(Brqu) = 22 (wb) g (wau)g [ 5= (3.433)

om and ¢y, are formulated following Businger et al. (1971) as

1+ 51(7 C > 0
= 3.434
B2 + 1€, ¢>0
= _ 3.435
(5175%71772) = (47,074, 150’90) (3436)
3.7.7 Time Integration with Implicit Scheme
3.7.7.1 Tendency of ¢?
The prognostic equation for ¢? is discretized as
Gint1 — G 1 an
7n+ T v
(At>t ) = —m (Fq,k+1/2,n+1 - Fq,k71/2,n+1) +2 (Ps,k,n + Pogpn — qu,n+1§37437)
ur

where n and n + 1 indicate the current and next time steps respectively, and Azy, = 2j41/9 —
Z—1/2- The subscript turb indicates the calculation by the turbulence scheme and the advection
term is omitted. Fj at n + 1 is computed by

8Fﬂq,kfl/2

P OF k172, 4
aql?:—l

ah=1/2m41 = Foporjon + —5 5 " (Gmsr — Gim) + (Ge1mi1 — Go1,n)- (3.438)
k

With a definition of

2 2
Qen+1 — 9kn
= =t R 4
o ( t )t b, (3439

(3.437) and (3.438) lead to

X1k pr1 + Xog i + X g fih—1 = Y, (3.440)

where
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_ OF k)2

Xy = - ah 12 g (3.441)
8q£+1
Tk OF kv12 OFgp—1)2

Xop = ppAz (14 22 At>+( : _ T At, 3.442

o= (14295 b Sl (3.442)
OF, ;._

Xgp = —%”zm, (3.443)
k-1

@
Y, = Fq,k71/2,n - Fq,k+1/2,n + QPkAZk (Ps,k,n + Pb,k,n - BE/) . (3444)

(3.440) makes the following matrix equation,

Xo i X3 K 0 0 0 0 MK Yk

Xik—1 Xox—1 Xzkx-1 O 0 0 K1 Y1

0 Xixk—2 Xog-o Xzgg-o2 0 -0 MK —2 Yi_o

: - : : =1 : (3.445)
0 E 0 X1,3 Xo3 X33 0 H3 Y3

0 e 0 0 X2 Xoo X2 K2 Y

0 e 0 0 0 X11 Xa21 M1 Yy

where the subscript K denote the index for the top model layer. (3.445) is solved for pug
using the LU decomposition.

3.7.7.2 Tendencies of the Other Prognostic Variables

Letting ¢ be a substitute for u, v, T, g, the tendency of v is calculated by

Yen+1 — Yk n> 1
< At turb pkAZk ( P,k+1/2,n+1 v k—1/2, +1) ( )

where

OFy k—1/2 OFy k—1/2
Fyr-1/2041 = Fypp—1/20 + ng/(wk,nH — Ygn) + ;Tl/(wkfl,wrl — Yp—1,)(3.447)

These equations lead to (3.445) again and computed with the LU decomposition, but g,
X1k, Xog, X3 and Yy are redefined as

1/% n+1 — ka n
=\—x 3.448
e < At turb ’ ( )

OFy kt1/2
Xip=— ——AL 3.449
M O ( )
OF OF, 1
Xog = prlzy + ( ?)ZZU 2 gzkl/ 2) At, (3.450)
OFyk—1/2

Xgp=—— ——At 3.451
Bk 01 ’ ( )
Yie=Fyp-1/20 = Fypt1/2,n- (3.452)
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3.8 Surface Flux Scheme (Sea Surface)

Until CCSR/NIES AGCM (1997), both land surface and sea surface were treated as one of
the atmospheric physical processes, but after MIROC3 (Hasumi and Emori, 2004), land sur-
face processes became independent as MATSIRO. However, since MIROC3 (Hasumi and Emori,
2004), land surface processes have been separated into MATSIRO (Takata et al., 2003; Nitta et
al., 2014). In SUBROUTINE: [SURFCE] in pgsfc.F, ENTRY: [OCNFLX] (in SUBROUTINE: [OCEAN]
of pgocn.F) is called for the sea surface, and ENTRY: [LNDFLX] (in SUBROUTINE: [MATSIRO]
of matdrv.F) is called for the land surface, respectively. This chapter describes sea surface
processes, which are still treated within the framework of atmospheric physical processes in
MIROCG6 (Tatebe et al., 2019)). For the land surface processes, please refer to Description of
ILS (https://github.com/integrated-land-simulator /model_description).

Sea surface processes provide the boundary conditions at the lower end of the atmosphere
through the exchange of momentum, heat, and water fluxes between the atmosphere and the
surface. In ENTRY: [OCNFLX], the following procedure is used to deal with sea surface processes.

1. Prepare variables for sea ice extent and no ice extent, respectively, using sea ice concen-
tration.

Determine the surface boundary conditions.

Calculate the flux balance.

Calculate the radiation budget at the sea surface.

Calculate the deposition by CHASER.

Solve the heat balance at the sea surface and update the skin temperature and each flux
value.

AN il S

No prognostic variables are used in this scheme.
Practically, precipitation flux from 2 schemes are treated together.

Pr = Pr.+ Pry (3.453)

where Pr is total precipitation flux, Pr. is precipitation flux from the cumulus convection
scheme, and Pr; is precipitation flux from the large scale condensation scheme, respectively.

Sea ice covered/free areas are represented by L = 1,2. Each area is calculated then weighted
by sea ice concentration (Rjce).

In the sea ice area (L = 1), the skin temperature (Ty) is the sea ice skin temperature (Tjc.).
However, if Tj. is higher than the melting point (Ty,er = 273.15[K]), then T,ep¢ is used.

Ts = min(Tice, Tmeit) (3.454)

The sea ice bottom temperature (7}) is assumed to be the sea skin temperature (7,y)).

Ty, = T, (3.455)

The amount of sea ice (Wj..) and the amount of snow on it (Wgpey,) are converted per unit
area by considering sea ice concentration (R;.) and used in the calculation. However, a limiter
(€) is provided to prevent the values from becoming too small.

Rice = maX(Rice,orginaly 6) (3456)
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In the ice-free area (L = 2), the skin temperature (7s) and sea ice bottom temperature (73)
are assumed to be the sea temperature temperature (T5(1)).

Ty =Ty = Ty (3.457)

The evaporation efficiency is set to 1 for both L =1, 2.

If sea ice concentration (R;cc) is not given (as a boundary condition or from an OGCM), it is
simply diagnosed with the sea ice volume (Wj,) in ENTRY: [OCNICR] (in SUBROUTINE: [OCNICR]
of pgocn.F).

Wicea
max(Wiee, 0) 1.0) (3.458)

Rice = min
e i Wice,c
The standard gives the amount of sea ice per area as Wice . = 300[kg/ m?].

3.8.1 Boundary Conditions

In ENTRY [OCNBCS] (in SUBROUTINE: [OCNSUB] of pgocn.F), surface albedo and roughness are
calculated. They are calculated supposing ice-free conditions, then modified to take into account
the effects of ice and snow cover.

First, let us consider the sea surface level albedo (a(gs)), b = 1,2,3 represent the visible,
near-infrared, and infrared wavelength bands, respectively. Also, d = 1,2 represents direct and
scattered light, respectively. The albedo for the visible bands are calculated in SUBROUTINE
[SEAALB] (of pgocn.F), supposing ice-free conditions. The albedo for near-infrared is set to
same as the visible one. The albedo for infrared is uniformly set to a constant value.

The grid-averaged albedo, taking into account sea ice concentration (Rjce), is

a=0oa— Riceice (3.459)

Qice 18 given as ce,1 = 0.5, ice2 = 0.5, ttjce,3 = 0.05, respectively.

In addition, we want to consider the effect of snow cover. Here, we consider the albedo
modification by temperature. Standard threshold values for snow temperature are Ty 2 =
258.15[K] and Tp;; = 273.15[K]. The snow albedo changes linearly with temperature change
from aspow,1 = 0.75 t0 gnow,2. Let the coefficient 7400, which is 0 <7 < 1.

Ts—Tua
= "9 3.460
Tonow Tar2 — Tain ( )
Update the snow albedo (aspow) as
Osnow = Csnow,0 + Tsnow(asnow,Z - asnow,l) (3461)

Second, let us consider sea surface roughnesses. Roughnesses of for momentum, heat and
vapor are calculated in SUBROUTINE: [SEAZOF] (of pgocn.F), supposing the ice-free conditions,
then modified to take into account the effects of ice and snow cover.

When the sea ice exists (L = 1), roughnesses of momentum, heat and vapor (ro ar, 70,1, 70,E)
is modified to take into account sea ice concentration (Rjc.),
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20, = 2o,M + (20ice,M — 20,0 ) Rice (3.462)

20,0 = 20,H + (20,ice,H — 20,H) Rice (3.463)

20,E = 20,E + (ZO,ice,E - ZO,E)Rice (3464)

where, 70 ce, M T0,ice,H, T0,ice, 2 15 the Toughness of sea ice for momentum, heat and vapor,
respectively.

20,M = Z0,M + (ZO,snow,M - ZO,M)Rsnow (3465)
20,H = 20,H + (ZO,snow,H - ZO,H)Rsnow (3466)
20,E = 20,E t+ (ZO,snow,E - ZO,E)Rsnow (3467)

where, 70 snow,M s T0,snow,Hs T0,snow, 15 the roughness of snow ice for momentum, heat and
vapor, respectively.

Third, let us consider conductivity of ice. When sea ice exists (L = 1), thermal conductivity
of sea ice (k7.,) is obtained by

wce

D ice
K, = £ (3.468)

ree maX(Rice/Uicea 6)

where Dy ;.. is thermal diffusivity of sea ice, and oy is sea ice density, respectively.
The calculated thermal conductivity is modified to kj.. to take into account that it varies
with snow cover.

Rsnow = min(maX(Rsnow/Usnow)7 6); hsnow,mam) (3469)
_ L* Dice
Kice = kice(]' - Rice) + Rice (3470)

1 + HDice/Dsnow : hsnow”
where Ngpow is snow depth, Rgpnoy is snow area fraction, ogpey is snow density, hspow maz 18
maximum snow depth, and Doy is thermal diffusivity of snow, respectively.
Therefore, heat conduction flux and its derivative are

G = kice(Ty — Tb) (3.471)
oG

= Nice A2

=k (3.472)

Note that in the ice-free area (L = 2)

G = koen (3.473)

where koe,, is heat flux in the sea temperature layer, and ko, is heat flux in the sea temper-
ature layer, respectively.

113



3.8.1.1 Albedo for Visible

In SUBROUTINE [SEAALB] (of pgocn.F), albedo for the visible bands are calculated supposing
ice-free conditions, then modified to take into account the effects of ice and snow cover.

For sea surface level albedo (v, (g)), d = 1, 2 represents direct and scattered light, respectively.

Using the solar zenith angle at latitude {, albedo for direct light is presented by

aL(l) — e(C3A*+CQ)A*+Cl (3474)

where

A* = min(max(cos(¢), 0.03459),0.961) (3.475)

and Cy, (9, Cs are constant parameters, respectively.
On the other hand, albedo for scattered light (avz,(2)) is uniformly set to a constant parameter.

a2 = 0.06 (3.476)

3.8.1.2 Roughnesses

In SUBROUTINE: [SEAZOF] (of pgocn.F), the roughnesses of for momentum, heat and vapor
are calculated supposing the ice-free conditions. calculated, according to Miller et al. (1992),
then modified to take into account the effects of ice and snow cover.

The roughness variation of the sea surface is determined by the friction velocity (u*).

u* = /Oy (a? + v4?) (3.477)

where C)y, is a bulk coefficient for momentum, and u,, v, are zonal and vertical winds of the
1st layer of the atmosphere. We perform successive approximation calculation of Cy,, because
F., Fy, Fy, F, are required.

Then, roughnesses of sea surface for momentum, heat and vapor are

*2
ZO,MRU ZO,MSV
20,M = 20,M + 20,Mp T+ + " (3.478)
Z20.H u*2 Z0.HoV
s I1R ;118
Z0,H = 20,Hy T+ 20,Hp + + o (3.479)
20 ER U2 20 poV
IR 3428
20,F = 20,E, T 20,Ep T + " (3.480)

where, v = 1.5 x 10_5[1112/8] is the kinetic viscosity of the atmosphere, 2z s, 20,# and 2o.g
are surface roughness for momentum, heat, and vapor, 29 1, , 20,1, and 2o, g, are base, and rough
factor (20 vy, 20,mp, and 20 gy), and smooth factor (2o asq, 20,1 and 2o gg ), respectively.
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3.8.2 Calculation of Momentum, Heat and Water Vapor Fluxes

Treatment of sea surface flux is basically the same with CCSR/NIES AGCM (1997). The
surface flux scheme evaluates the physical quantity fluxes between the atmospheric surfaces due
to turbulent transport in the boundary layer. The main input are horizontal wind speed (ug, v,),
temperature (7y), and specific humidity (g,) from the 1st layer of the atmosphere. The output
are the vertical fluxes and the differential values (for obtaining implicit solutions) of momentum,
heat, and water vapor.

Surface fluxes (F,, Fy, Fy, F;) are expressed using bulk coefficients for momentum, head and
vapor (Cys, Cy, Cg) as follows

Fy = —pCym|Valug (3.481)
Fy = —pCu|Valva (3.482)
Fy = pepCr|Val(s — 0a) (3.483)
F} = pCg|Val(gs — qa) (3.484)

where F qP is the possible evaporation flux, where V, is horizontal wind vector, and 0y, 8, are
potential temperature of surface and 1st layer of the atmosphere, respectively. Although there
is no description, surface fluxes are calculated using wind speed relative to ocean current speed.
For example, F_u=-¥rho C_M | V.a - V.o | (u.a - uo). Here, V.o = ( u.o, v_o) represents
ocean current vector at the uppermost layer. Note that in a stand-alone AGCM, V_o = (0,0) is
assumed.

Turbulent fluxes at the sea surface are solved by bulk formulae as follows. Then, by solving
the surface energy balance, the ground skin temperature (7s) is updated, and the surface flux
values with respect to those values are also updated. The solutions obtained here are temporary
values. In order to solve the energy balance by linearizing with respect to T, the differential
with respect to T of each flux is calculated beforehand.

e Momentum flux

Te = _pCM|Va|ua (3485)

Ty = _pCM‘Va‘va (3.486)

where 7, and 7, are the momentum fluxes (surface stress) of the zonal and meridional
directions, respectively.

e Sensible heat flux
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Hy = cppChs|Va|(Ts — (Ps/Pa)"Ty) (3.487)

where Hy is the sensible heat flux from the sea surface; Kk = Rgir/cp, and Ry, are the gas
constants of air, and ¢, is the specific heat of air.

e Bare sea surface evaporation flux

FF = pCp|Val (¢"(T%) — qa) (3.488)

3.8.2.1 Bulk factors

In SUBROUTINE: [BLKCOF] (of psfcl.F), the bulk factors are calculated. The bulk Richardson
number (R;p), which is used as a benchmark for the stability between the atmospheric surfaces,
is

0%(9(1 - 9('20))/2@ _ iTa(ps/pa)n —1Tp
(ua/z1)? 05 u2/z1
Here, g is the gravitational accerelation, 65 is surface potential temperature, T, is the at-

mospheric temperature of the 1st layer, T is the surface skin temperature, ps is the surface
pressure, p, is the pressure of the 1st layer, k is the Karman constant, and

Rip = fr (3.489)

Fr = (00 — 0(20))/ (00 — 0,) (3.490)

The bulk coefficients of Cys, C, CE are calculated according to Louis (1979) and Louis et
al. (1982) However, corrections are made to take into account the difference between momen-
tum and heat roughness. If the roughnesses for momentum, heat, and water vapor are set to
20,M > 20,H, 20,E, respectively, the results are generally zo »s > 20,1, 20,E, but the bulk coefficients
for heat and water vapor for the fluxes from the height of zg s are also set to 61;, 6;;, then
corrected.

Co,m (1 + (bar/enr)Rig] =M ,Rip >0
Cu = - ! 3.491
M C()J\/[ ll—bMRiB <1+deMOO,M z0,1M|RiB> ,Rip <0 ( )

- (/7;,7{[1 + (bu/en)Rig]~cH ,Rip >0
Cy={ —— — -1 3.492
n Co,n [1 —buRip <1 +dpbrCo,n zle \RiB|> ] ,Rip <0 ( )
Cu =Cufr (3.493)

- C/Y(;,/E[l + (bg/ep)Rip)~¢F ,Rip >0

Cp={ — o -1 3.494
E Co.E [1 —bgRip <1 + dpbrCo.p Z(flM IRiB\> ] Rip<0 ( )
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Cr = Crlfy (3.495)

Com,s 6(\;{, C/';E is the bulk coefficient (for fluxes from zgps) at neutral,

— — k‘2
Comv =Cop =Cop = ——5 (3.496)
()]
Correction Factor f; is ,
fq = (g0 — a(20))/(ga — ¢ (60)) (3.497)

but the method of calculation is omitted. The coefficients of Louis factors are (bas, dar, enr) =
(9.4, 7.4, 2.0), (bH, dH, eH) = (bE, dE, €E) = (9.4, 5.3, 2.0).

is a correction factor, which is approximated from the uncorrected bulk Richardson number,
but we abbreviate the calculation here.

3.8.3 Radiation Flux Calculation

In SUBROUTINE: [RADSFC] (of pgsfc.F), the radiation flux at sea surface is calculated. For the
ground surface albedo (a(4p)), b = 1,2 represent the visible and near-infrared wavelength bands,
respectively. Also, d = 1,2 are direct and scattered, respectively. For the downward shortwave
radiation (SW+) and upward shortwave radiation (SWT) incident on the earth’s surface, the
direct and scattered light together are

_ s ! 4 ;
SWi = SW&M) +SWii g+ ‘iW(z,l) + SW(2,2)¢ . (3.498)
Swt = SW(l,l) Sy + SW(l,Q) “o12) T SW(2,1) “Q(g1) t+ SW(272) T O(2,2)

3.8.4 Solving Heat Balance

In SUBROUTINE: [OCNSLV] (of pgocn.F), heat balance at the sea surface is solved. Downward
radiative fluxes are not directly dependent on the condition of the sea surface, and their observed
values are simply specified to drive the model (Hasumi, 2015). Shortwave emission from the sea
surface is negligible, so the upward part of the shortwave radiative flux is accounted for solely
by reflection of the incoming downward flux. Let ag be the sea surface albedo for shortwave
radiation. The upward shortwave radiative flux is represented by

SWh = —agswt (3.499)

On the other hand, the upward longwave radiative flux (LWT) has both reflection of the
incoming flux and emission from the sea surface. Let « be the sea surface albedo for longwave
radiation and € be emissivity of the sea surface relative to the black body radiation, respectively.
The upward shortwave radiative flux is represented by

LW = —aLW* + eoT? (3.500)
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where ¢ is the Stefan-Boltzmann constant and T is skin temperature, respectively . If sea
ice exists (L = 1), snow or sea ice temperature is considered by fractions. When radiative
equilibrium is assumed, emissivity becomes identical to co-albedo:

e=1—-a (3.501)

The net surface flux (F*) is presented by

F*=H+ ((1 —app)oTt + aLkLW¢) — LW+ SWT — s (3.502)

where H is sensible heat flux.
With the surface heat flux calculated in SUBROUTINE: [SFCFLX] (of psfcm.F) (G), heat flux
into the sea surface (G*) is presented as

G =G - F* (3.503)

Note that G* is downward positive.
The temperature derivative term of G* is

8G*76G+8H+8R
oTs 0T, 0T, 0T,

(3.504)

When the sea ice exists (L = 1), the surface flux Gj.. is considered with the sublimation flux
(IsE).
Gice =G — I ,E (3.505)

The temperature derivative term of Gjce is

0Gice _ oG* oF
o, = T, +1587Ts (3.506)

We can update the skin temperature with sea ice concentration and AT = Gice(%)_l

Ts = Ts + RiceATs (3507)

Then, the sensible and latent heat flux on the sea ice (Fjce, Hice) is updated.

OF
Eiee = E 4+ — AT, .
+ 37 (3.508)
OH
Hie = H+ —— AT, .
+ 37 (3.509)

When the sea ice does not existed (L = 2), otherwise, the surface heat flux (Gfrec) is
calculated by addition of evaporation flux {.F and the net flux F™.
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Gfree = F* +1.E (3.510)

Finally each flux is updated. For sensible heat flux (H), the temperature change on the sea
ice is considered.

H=H+ R;ceHjce (3511)

Then, the heat used for the temperature change (F') is saved.

F = RiceHice (3.512)

For upward longwave radiative flux (LWT), temperature change on the sea ice (AT}) is
considered.

wt = Lw' + 4TiRiceATS (3.513)

For the surface heat flux (G), sea ice existence is considered.

G = (1 - Rice)Gfree + RiceGice (3514)

For latent heat flux F, sea ice existence is considered.

E = (1 - Rice)E + RiceEice (3515)

Then, each term above are saved as freshwater fluxes (Wyyee, Wice) of ice covered and free
areas.

Wfree = (1 - Rice)E (3516)

Wice = RiceEice (3517)
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3.9 Gravity Waves

Effects of sub-grid scale gravity waves on the grid scale flows are represented by two kinds of
gravity wave parameterizations. The orographic gravity wave drag scheme represents decelera-
tions of the grid scale flow due to momentum deposition of orographic gravity waves, which is
described below. In contrast, the non-orographic gravity wave scheme may either accelerate or
decelerate the grid scale flow. At present this document does not contain a detailed description
of the non-orographic gravity wave scheme, and readers may find if in Watanabe (2008) and
Tatebe et al. (2019).

3.9.1 Overview of a Gravity Wave Drag Parameterization

The orographic gravity wave drag scheme represents the upward momentum flux of the gravity
waves induced by sub-grid scale topography and calculates the horizontal wind deceleration
associated with its convergence (McFarlane, 1987). The main input data are eastward wind (u),
northward wind (v), and temperature (7), and the output data are the tendency of eastward
wind and northward wind, du/dt, dv/0t.

The outline of the calculation procedure is as follows.

1. The momentum flux at the ground surface is calculated from the variance of sub-grid scale
orography, the horizontal wind speed at the lowest level, and the static stability.

2. The upward propagation of gravity waves is considered. If the momentum flux exceeds
its critical value, which is determined by the critical Froude number, then wave breaking
occurs and the momentum is limited by the critical value.

3. The tendency of horizontal wind is obtained by calculating the vertical convergence of
momentum flux in each layer.

3.9.2 Relationship between Local FroudeNnumber and Momentum Flux

Considering the vertical flux of horizontal momentum due to orographic gravity waves, the
difference between the flux (7) and the local Froude number (F, = NH/U) at a certain altitude
is

TN \Y?
Fr = 3.518
, <Epr3) , (3.518)

This relationship holds for the following cases where N = ¢/0060/0z is the Brant-Vaisila
frequency, p is the density of the atmosphere, U is the wind speed, and Ey is the proportional
constant corresponding to the horizontal scale of the rippling of the surface. From now on,

E¢F?pU3
B el i

~ (3.519)

The local Froude number (F) cannot exceed the critical Froude number (F.). If the local
Froude number calculated from (3.518) exceeds the critical Froude number F,, the gravity wave
becomes supersaturated and the flux decreases to the momentum flux corresponding to the
critical Froude number.
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3.9.3 Momentum Fluxes at the Surface

The magnitude of the vertical flux of horizontal momentum due to gravity waves excited at the
earth’s surface, 7y /9, is calculated by substituting the local Froude number (F71);/ = N1h/U;
into (3.519),

Tij2 = E¢h*piN1Uy (3.520)

where Uy = |vi| = (u? + v})'/? is the surface wind speed, Ny, p; are estimated to be the
stability and density of the atmosphere near the earth’s surface, respectively. h is an indicator
of the change in the sub-grid orography and is assumed to be equal to the standard deviation
of the surface height (Zsp).

Here, when the local Froude number ((FL);;2 = N1Zsp/U1) exceeds the critical Froude
number (F,), the momentum flux is suppressed to the value obtained by substituting (3.519) for
F.. In other words,

EfFfplUf’)

Tijg = min (EfZ?qulNlUl, N,

(3.521)

3.9.4 Momentum Fluxes in the Upper Levels

Suppose that the momentum flux 7;_;/5 is computed at level £ — 1 /2. When no saturation
occurs, Ty/2 is equal to 7,_1/o. If the momentum flux (7,_1/2) exceeds the momentum flux
calculated from the critical Froude number at the k + 1/2 level, wave breaking occurs in the k
layer and the momentum flux decreases to the critical flux.

EfFfpk+1/2U1§+1/2> (3.522)

Tk41/2 = Min (Tk—1/2, Nert,
+1/2

Note that U2 is the magnitude of the horizontal wind speed projected on to the direction
of the lowest level of the horizontal wind,

Vi+1/2 V1

3.523
il (3.523)

Ukt1/2 =

3.9.5 The Magnitude of the Time Variation of Horizontal Wind due to Momentum
Convergence

The tendency of the projected component of the horizontal wind, Uy, is ,

ou 1ot or

= = 524
ot p 0z gap (3:524)

That is

8Uk _ng+1/2 — 7k — 1/2

o e (3.525)

Using this, tendency for the eastward and northward winds are calculated as follows
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6uk . aUkﬂ

= .02
ot ot Uy (8:526)
8’Uk 8Uk (%1}

= ___f = .52
ot ot Uy (8:527)

3.9.6 Other Notes

1. It is assumed that no gravity waves are excited at the ground surface when the wind speed
is small (U < vpip) or when the undulations at the surface are small (Zsp < (Zsp)min)-
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4 Miscellaneous

4.1 Coupler
4.1.1 Fluxes to Atmospheric Models
4.1.1.1 Fluxes between Atmosphere and Ocean

Fluxes from the sea surface to the atmosphere (FLXO) are calculated on the sea surface
grid of the atmospheric model.

Boundary conditions such as sea surface temperature, sea ice concentration, sea ice thickness,
snow depth over sea ice, sea ice internal temperature, and ocean surface current velocity are
obtained from the ocean model through an exchanger (sea ice surface temperature is determined
from the sea ice internal temperature, sea ice thickness, and atmospheric conditions over the sea
ice. The sea ice velocity is not currently used for flux calculations in MIROC). The atmospheric
boundary conditions such as wind speed, temperature, and specific humidity at sea are converted
from the atmospheric grid to the sea surface grid using linear or cubic spline completion. The
fluxes from the sea surface are calculated separately for seawater and sea ice, averaged by area
weight, and passed to the atmosphere. When using a sea ice model categorized by sea ice
thickness, it may be necessary to calculate fluxes for each sea ice thickness category, but the
current model specification calculates fluxes for the average sea ice thickness. The conversion
of fluxes and boundary conditions between the atmosphere and ocean by the exchanger will be
described in detail later.

4.1.1.2 Fluxes between Atmospheric land Surface

Fluxes from the land surface to the atmosphere (FLXL) are calculated on a land surface
grid. A land surface grid consists of multiple soil covers and lakes. Freezing and thawing of
lakes and snow cover are considered by a vertical 1D ice model (0-layer model). If the area of
the land surface grid is SL, the area occupied by the lake and each soil cover is respectively

Srleke — ST, x LKFRC x FLND (4.1)

SLI = SL x GRFRCy x (1 — LKFRC) x FLND (4.2)

where LK F'RC'is the percentage of lakes on land, & is the type of soil cover, and GRF RC}, is
the percentage of soil cover k on land excluding lakes. Fluxes from the land surface are calculated
separately over each of these soil covers and lakes, averaged by area weight, and passed to the
atmosphere.

km

FLXL=LKFRC x FLXL'"** + (1 - LKFRC) x 3 (GRFRCy x FLXL{"")  (4.3)
k=1

where FILX L'**¢ is the flux at the lake surface, FLX Lird is the flux at soil cover k, and km
is the number of soil cover types.
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4.1.1.3 Total Flux to the Atmosphere

Since the river is treated without area property in the model, the flux to the atmosphere
(FLXA) can be obtained as a weighted average of the sea-land distribution of the fluxes on the
land grid (FLXL) and at the sea grid (FLXO) as follows

gldiv ildiv

1
FLXA= o X ) ) (SLij x FLND}§™ x FLX L;j)
=1 i=1
jodiv jodiv
+ 3 Y (S0i; x (1 = FLND) x FLXO;)] (4.4)
j=1 i=1

where, (ildiv,jldiv) is the number of east-west and north-south divisions of the land surface
grid. Fluxes computed in the atmospheric model, such as precipitation, are also included in
FLXL and FLXO. In the case of such fluxes, all the fluxes in the partitioned land and sea
surface grids have the same value as the corresponding grid.

4.1.2 Fluxes between Land Surface Model and River Model
4.1.2.1 Fluxes between Land Surfaces and the River

In the current specification of the model, the fluxes of water between river and land surfaces
deal only with the inflow of water from the river to the lake (RUNIN), the outflow from the
lake to the river (RUNOFF), the inflow of water to the land surface at the inland vanishing
point (RUNIN), and the outflow of water overflowing the soil to the river (RUNOFF). Here,
the inland vanishing point indicates the point where the endpoint of the river disappears, such
as in deserts. The water balance in the river model is divided into ice and water. The ice in
the river model corresponds to a pseudo-glacier. Here, the phase change in the river model is
not considered to guarantee the conservation of melting heat. In addition, the flow rate of a
river is defined as the amount of water present in the river grid divided by its area. Water and
ice are transported downstream in the river model according to the river channel network data.
In the river model in MIROCG, the river discharge at the inland vanishing point of the river is
scattered over the global ocean to obtain the water balance.

4.1.2.2 Water Runoff from Land Surface

When each soil cover in the land surface grid can no longer hold water or snow and ice, water
or ice is passed from each soil model to the river model through the coupler.

km
RUNOFF%® = (1 - LKFRC) x Y (GFLRCy x RUNOFF{"") (4.5)
k=1

The details of the runoff from each soil cover can be found in the documentation of the land
surface model MATSIRO. In the lake model, when the lake level or snow/ice thickness (H)

exceeds a constant value (H.), the water flows out to the river at a time constant 7,

H—H,
RUNOFF'*¢ = LKFRC x (7), (H > H.,) (4.6)

Th
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RUNOFF!ake = ¢, (H < H,) (4.7)

The average runoff from the land surface is as follows.

RUNOFFY = RUNOFF'®¢ 4 RUNOFF%¢ (4.8)

When considering the average runoff volume of the land surface grid, it is necessary to
multiply the above equation by the percentage of land surface FLND. In the river model,
RUNOFF Lll‘fl”d is converted to the river grid with the weight of sea-land distribution, and the
runoff amount RUNOFF™ is used for calculation.

4.1.2.3 Runin of Water from a River to a Lake

When a lake exists in the middle of a river channel, water flows into the lake according to
the river flow rate. In order to calculate the amount of water flowing into the lake, the river
flow GDRIV in the river grid is converted to the river low GDRIV L in the land surface grid
through the coupler. Here, GDRIV L is the amount normalized by the area of the land surface
grid. In the land surface grid, the river inflow to the lake, RUNINN, is defined by the river
flow (GDRIV L) and the time constant 7 as follows

RUNINN'**¢ = GDRIV L/t (4.9)

Since the current specification only considers inflow from rivers to lakes, except at the inland
vanishing point, the average inflow at the land surface is

RUNINN'"? — RUNINN'*¢ x LKFRC (4.10)

When there are multiple river grids corresponding to a land surface grid, if the river water
inflow to the land surface averaged over the land surface grid is returned to the river grid using
only the area weights as in RUNOUF'F, it is possible that more water will flow out of the river
than exists in the river grid. Therefore, we convert the ratio of discharge to river flow from the
land surface grid to the river grid, and estimate the river discharge (inflow to the land surface)
in each river grid. The runoff ratio of the river flow to the land surface grid is

RINN'™? — RUNINN'"/GDRIV L (4.11)

If the discharge rate converted to the river grid is RINN", the discharge (inflow to the
land surface) in the river grid is

RUNINN™ = RINN"™ x GDRIV (4.12)
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4.1.3 Fluxes to the Ocean Model
4.1.3.1 Boundary Conditions for the Ocean on a Sea Level Grid

As mentioned above, the fluxes between the atmosphere and the ocean are calculated on the
sea level grid. In this section, we describe the conversion from the ocean model grid to the sea
surface grid. The standard variables to be converted from the ocean model to the atmospheric
sea surface grid are sea surface temperature (SST), sea ice concentration (AT), sea ice thickness
(HI), snow depth over sea ice (HSN), sea ice internal temperature (7'7), and ocean surface
current velocity (UO,VO). In order to clarify which grid we are dealing with in the future,
variables in the ocean model grid will be denoted by superscript OGC'M and variables in the
sea surface grid by superscript oc. In addition, the position in the ocean grid is denoted by LO
and the position in the sea surface grid by LC. The boundary condition of the ocean in the sea
level grid is defined as follows.

IJO(LC)
SST*(LC) = Y [SSTOY“M(1JO2C(LC, N)) x SOCN(LC, N)]/SOCNG(LC) (4.13)
N=1
IJO(LC)
AI(LC) = ) [AI?9CM(IJO2C(LC, N)) x SOCN(LC, N)]/SOCNG(LC) ~ (4.14)
N=1
1 IJO(LC)
HI®(LC) = HIOCCM(1JO2C(LC, N
(LC) SOCNG(LC) x AI*¢(LC) Nzl [ (IJO2C(LC, N))
x AI°GCM(1J02C(LC, N)) x SOCN(LC, N)] (4.15)
1 IJO(LC)
HSN(LC) = > [HSNOYCM(1JO2C(LC, N))

- SOCNG(LC) x AI**(LC) &~
x AI?SCM(1JO2C(LC, N)) x SOCN(LC,N)]  (4.16)

. 1JO(LC)

oc _ OGCM
TI(LC) = SOENGLC) x HI*(LC) x AT*(LC) NZI [T (IJ02C(LC, N))

x HIC9CM (1702C(LC, N)) x AI?““M(1JO2C(LC,N)) x SOCN(LC, N)](4.17)

OO 7 00GCM (1 J02C(LC, N)) x SOCN(LC, N)]

UO*(LC) = RUO(LC) x

SOCNG(LC)
LIOWLO) [y 00GCM (1 702C(LC, N)) x SOCN(LC, N)]
+RVO(LC) x =5= SOCNG(LC) (19
OO T 0OGOM (1 J02C(LC, N)) x SOCN(LC, N)]
VO*(LC) = —RVO(LC) x ==L SOCNG(LC)
LIOLE) [y, 00GCM (1 JO2C(LC, N)) x SOCN(LC, N)]
+RUO(LC) x =H=E SOCNG(LC) (4.19)
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IJO(LC)
SOCNG(LC)= > SOCN(LC,N) (4.20)
N=1

where, IJO(LC): Number of ocean grids corresponding to the sea level grid (LC) in the
atmospheric node.

IJO2C(LC,N): Location of the ocean grid corresponding to the sea surface grid in the
atmospheric node.

SOCN(LC,N): Area of the ocean grid corresponding to the sea surface grid in the atmo-
spheric node.

RUO(LC): Cosine of the rotation angle of the vector.

RVO(LC): Sine of the rotation angle of the vector

SOCNG(LC): Area of ocean occupied by sea surface grid.

The ratio of land surface to the sea level grid is also defined as follow.

FLND®=(1-SOCNG)/SO

where, SO is the area of sea surface grid.

The variables related to sea ice that are converted to the sea surface grid are calculated
as the average of variables categorized by sea ice layer thickness (AIM, HIM,HSM,TIM) as
follows.

NIC
AJOGCM _ z ATMOGCM (1) (4.21)
L=1
NIC
HIOGCM _ Z HIMOGCM(L) > AIMOGCM<L)/AIOGCM (422)
L=1
NIC
HSNOGCM _ Z HSMOGCM(L) % AIMOGCM(L)/AIOGCM (423)
L=1
NIC
TIOGCM — Z TIMOGCM(L) > AIMOGCM(L)/(AIOGCM > HIOGCM) (424)
L=1

where, NIC' is the number of category of sea ice.

4.1.3.2 Conversion of Air-Sea Fluxes Calculated on the Sea Surface Grid to the
Ocean Grid

Fluxes calculated on the sea surface grid are calculated at sea surface and sea ice surface,
respectively, and fluxes to the atmosphere are calculated as

FLXO = (1— Al)x FLUXO + AI x FLUXI (4.25)

These fluxes are time-integrated by the flux coupler in the atmospheric model with weights for
sea surface and sea ice extent, and then converted to the ocean grid by the coupled atmosphere-
ocean time step and passed to the ocean model.
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FLUXOACY“M(LO) = ROCN(LO)

§ ”go) FLUXOA®(1JC20(LO, N)) x SATM(LO, N) (4.36)
— SATMG(LO) '
FLUXIACS“M(L0O) = ROCN(LO)

1 ’gfo) FLUXIA®(IJC20(LO, N)) x SATM(LO, N) w2

SATMG(LO) '
N=1
IJA(LO)
SATMG(LO) = ROCN(LO) x Y SATM(LO,N) (4.28)
N=1
ROCN(LO) = SATMG(LO)/S°%“M(LO) (4.29)
FLUXOA® = (1 — AI’°) x FLUXO% (4.30)
FLUXIA% = AI°° x FLUX I (4.31)

where, IJA(LO) : Number of sea level grids in the atmospheric model corresponding to the
ocean grid (LO)

I1JC20(LO, N) : Location of the sea surface grid of the atmospheric model corresponding
to the ocean grid

SATM(LO, N) : Area of the sea surface grid of the atmospheric model corresponding to the
ocean grid

SATM(LO,N)=SOCN(LC,L),LC =1JC20(LO,N),LO =1JO2C(LC, L)

SOGCM (1,0) & Area of the ocean grid

The area of the ocean grid and the sum of the areas of the corresponding ocean grids should
match, although the coordinate systems of the atmospheric model and the ocean model are
different (the surface areas of the earth in the atmospheric model and the ocean model do not
match exactly).

When creating the conversion file, the grid of the atmospheric model is divided into small
areas, and the area of the corresponding ocean grid is estimated from the sum of these areas,
so they do not match exactly. For this reason, the flux balance between the atmosphere and
the ocean is adjusted by multiplying by the ratio (ROCN). The wind stresses to the ocean are
also calculated as wind stresses over sea level (TXO, TYO) and over sea ice (T X1, TY ), but
without multiplying the weights of sea level and sea ice area.

TX0%%M(L,0) =

[TXO0°(IJC20(LO,N)) x SATM(LO, N)]
SATMG(LO)

1JA(LO)

+RU(LO) x ROCN(LO) x
N=1

IJA(LO)
+RV(LO) x ROCN(LO) x Y
N=1

[TY 0°¢(1JC20(LO, N)) x SATM(LO, N)]
SATMG(LO)

(4.32)
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TY 0°¢“M(L0) =

—RV(LO) x ROCN(LO) x

P SATMG(LO)
IJA(LO)
[TY 0°¢(I1JC20(LO, N)) x SATM(LO, N)]
L N(L 4.
+RU(LO) x ROCN(LO) x 2 SATMG(LO) (4.33)

where,
RU(LO) : cosine of the rotation angle of the vector
RV (LO) : sine of the rotation angle of the vector

4.1.3.3 Redistribution of Fluxes in the Ocean Model

The fluxes converted to the ocean grid are updated at each time step of the coupling. Since
the coupling time step is longer than the ocean model time step, the sea level/sea ice area
ratio in the ocean model is updated to a different value than the one used to calculate the
flux. Therefore, in order to obtain an accurate heat and water balance, the fluxes need to be
distributed according to the updated sea surface and sea ice area ratios. The fluxes FLUXOA
and FFLUXIA at sea surface and sea ice surface are ocean grid-averaged values. Fluxes to each
sea ice category are currently distributed evenly independent of sea ice thickness.

FLUXTAM(L) = FLUXTA x ATIM(L) (4.34)
LMAX
FLUXOA=FLUXOA+ FLUXIAx[1.0— > AIM(L)] (4.35)
L=1

where, ATM denotes the percentage of area covered by sea ice in the grid (sea ice concen-
tration), L denotes the type of sea ice thickness category, and LM AX denotes the number of
thickness categories. If there is no sea ice surface, all fluxes will be at sea surface. If sea ice
disappears in the middle of the coupling time step, the flux due to sublimation is divided into
the heat flux assuming a sea ice surface and the freshwater flux (sea ice loss). The heat flux is
directly reflected in the temperature change of the first layer of ocean. On the other hand, the
freshwater flux due to sublimation is converted into heat flux and freshwater flux and given to
the first layer of the ocean, assuming that sea ice is generated by the sublimation. As for the
wind stress, it is not weighted by sea level and sea ice area before the grid transformation, so it
is driven by the respective area weights in each sea ice thickness category in the ocean model.
For this reason, momentum is not conserved.

4.1.3.4 Water Runoff from Rivers to the Ocean

At the end of the river model, we calculate the water flowing from the estuary of river to
the ocean. Water arriving at the estuary of the river grid is first converted to the atmospheric
sea surface grid and time integrated in a flux coupler. After that, it is converted to the ocean
grid via an exchanger and passed to the ocean model in the same way as the atmospheric
precipitation data. At this point, the temperature of the river water is treated as the same as
the sea surface temperature, as is the case with precipitation. Therefore, strictly speaking, heat
is not conserved. Ice runoff is handled in the same way as snowfall.
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4.1.3.5 Number of Divisions in the Sea Surface Grid and Resolution of the Ocean
Model

The sea surface grid is created by dividing the latitude and longitude of the atmospheric grid,
but if the number of divisions is not sufficient and the ocean model grid has a higher resolution
than the atmospheric sea surface grid, the structure of the atmospheric grid size may remain
when the flux is converted to the ocean grid through the exchanger. . In addition, data such
as precipitation from the atmosphere is not interpolated when converting from the atmospheric
grid to the ocean grid, so the atmospheric grid structure remains in the ocean grid for these
fluxes. When linear interpolation is used instead of cubic spline interpolation when converting
to the sea surface grid, the atmospheric grid structure may remain for differential quantities
such as wind stress curl.
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4.2 Definition of Land-Sea Distribution

The land-sea distribution in MIROC is prioritized by the land-sea distribution defined by the
ocean model. While one grid in the ocean model is defined by land or sea only, the land and
ocean grids in the atmospheric model are determined in proportion to the land and sea to be
consistent with the ocean model’s land-sea distribution.

SA : area of the atmospheric grid, SL;; : area of the land grid, SO;; : area of the sea surface
grid, FLND%™ FLN Dﬁ;-md, FLNDJ; : percentage of land surface is occupied by each grid.
Then, following equation is satisfied.

jldiv ldiv jodiv jodiv
SAx FLND™™ = "N "(SLi; * FLND") = >~ 3" (SO;; * FLN D) (4.36)
j=1 i=1 j=1 i=1

where, (ildiv,jldiv) is the number of east-west and north-south divisions of the land surface
grid, and (iodiv,jodiv) is the number of east-west and north-south divisions of the sea surface
grid. In the land surface grid, if even a small amount of land is defined to exist, boundary values
such as land cover are required.
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