SEMFAT BT R Y #5845 2021

B2E BRIWHETIV

AETIE, 7770 VaETNTHD ATM OERLE UTHE - WIEREOKRF 2L R & KRk, 22N HF
EBLUH Iz O WTERT 5,

2.1 EIMED#E(R

F7IVVaETNTHE ATM OHMNIL, KKGITHRE SN N MOHER T (ML —%—) OFZl ¢t 1281}
LAIENRZ NV

ro(t) = An(t), on(t), 2,(t)) (n=1,2,..., Ny) (2.1)

DOHEFRERD LI TH D, 72720 0° < A, < 360° 1EFRE, —90° < ¢, < 90° ITHEE, 2, ITBAE EHE 2 IE
T AMERERE D S DEE (WK THD, KEHEIZ, r, TBVWTHBRES ICILAE 2 1E L 3 2 FFTER B
(T, yn) ZHAUX,

(dzp, dyn) = (RE cos ondAp, Redp,) (R : HBRPEER) (2.2)

DORRH D LD, AKEHEI NS P L —H —@FZEH L —Y— Xy YT hb—H—) &L, =Y —HKD
HENIIRE S ENCE S EL e FEN, BRI DAEZEZFEL T, UFOEZES,

(i) REHDE~Z bV U (r,) = (Up, Vi, W) THifi%2
(it) SAIERGHE W, 12563 2 MR A AR wy,, T 3
(iil) bV —Y —RIIAHEMER L 72w

T52, nHEHD ML =P =2 DWTOER R HFERS 1%

Dr R

E:U—th:(U,‘/,W—wt) (23)
b, EHWCEEEHU = (U,V,W) Lo &EU = U,V ,W)DOMU =U+U' b1 JVASfEL T,

(2.3) K% TN OB BRI (X1 L2F v 7) At TFA 5 —EET 2 x

z(t + At) = 2(t) + UAt + U'At + O((At)?) (2.4a)
y(t+ At) = y(t) + VAL + V' At + O((At)?) (2.4b)
2(t + At) = 2(t) + WAL + WAL — w At + O((At)?) (2.4c)

L EFIFS (FAIF, Stohl, 1998; Lin, 2012), (2.4) ROALE 2 FUIEXIE, 5 3 BUIMLHIE, (2.4c) RO 4
HIZBETHTH 5,
BUETHE TV & B IHFER ORI, JFH (2012) AR TNWD L ED,

IRETIHANRO D, EREL S IEEANDOEHK T /180 BT 5,

2R L =Y —DMEEDNRE NS, FIZIZKTAAICDOWTIE NV =S —OE (doy/dt, dyn /dt) B (Un, V) ICHHET % £ TOEMEHE
{75780, ZONEIXKD L7270,

SEERD b L — Y —~OEH dWy, /dt BEAPESNTHEAR TR W saghE, ZORED D LD,

AZDREDTF., L —H—2#HTIEHET n ZUATERT 5,

SEE) AR ERIF S BOME (57 F),



SEMFAT BT R Y #5845 2021

FHREHD
FFRIZE L3
K5

BRI AL RSB F RD
EZAVTRY

KOREEE

v
FRITE T

BEFBREBDRDEA LRATYIDEEZRDD

Figure 2.1 Basis of NWP model (from Figure 1.2.1 of Hara (2012))
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Figure 2.2 Advection sphere. S(t, A, ), D(t+ At, A+ AX, o+ Ap) are the tracer points before/after transport
by horizontal wind Uy, within a time step At and Rg is the Earth radius.
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Figure 2.3 Comparison of horizontal advection. Single tracer trajectory by the ATM calculation with only
horizontal advection process. Input GPV is ideal of U = 100 m/s and V' = 100 m/s uniformly.
Emission point is 0°N, 0°E. Solid and dotted trajectories are calculated by Equations (2.5) and
(2.6), respectively. Right figure shows an enlarged near high latitude of the left one. Plots are at
each time step of At = 60 s by Euler or Runge-Kutta (RK4) method (At =1 s are as references).
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Figure 2.4 Comparison of horizontal diffusion (continuous emission). Tracer plots at FT = 24 h by the ATM
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Figure 2.5 Comparison of horizontal diffusion (instantaneous emission).

calculation with only horizontal diffusion process of At = 60 s. Tracer positions are transformed

from (A, ¢) to (z,y) on the plane rectangular coordinates (Kawase, 2011). All tracers are emitted

continuously from the origin and emission rate is 1 tracer/s. Horizontal diffusion parameters are

given Ky, = 5.0 x 10* m?/s, t1, = 5.0 x 10* s and U = Vj = 0 m/s, as an example.
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placement of x- and y-direction by the ATM calculation with only horizontal diffusion process of

At = 60 s. All tracers are emitted instantaneously at FT=0. Horizontal diffusion parameters are

same as Figure 2.4. Black lines are exact solutions, blue and red lines are the ATM solutions by

Equations (2.8) and (2.9), respectively.
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Figure 2.6 Comparison of terminal velocities in gravitational fallout process. All tracers are distributed at
10 km asl and input GPV is given by standard atmosphere (NOAA et al., 1976). Blue dotted
lines are Stokes’ law, green dashed lines are Suzuki’s law and red solid lines are Suzuki’s law with
Cunningham correction. Form factor of all tracers is set to F' = 1/3 for Suzuki’s law. (After

Shimbori, 2016)
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Figure 2.7 Dry deposition probability in a surface boundary layer (after Okita-Kitada, 1987)
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Figure 2.8 Below-cloud scavenging coefficients for rain (red sloid line) and snow and graupel (blue dotted
line). In this example, A, = A; = A, = 2.98 x 107°(1/s), B, = 0.75 and By = B, = 0.30 in
Equation (2.25). (After Saito et al., 2015a)
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Figure 2.9 Decay probability (At is a time step). If a scavenging coeflicient is given instead of A,,, P, gives a

deposition probability.
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Tk - oy kR HEE U 2AER % Figure 2.10 13RS, MUHEEHAH 10m/s FREE TO b L —Y — % KR
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Figure 2.10 Comparison of time integral by Euler or Runge-Kutta (RK4) method with different time step At.
Euler method with At = 1 s is as a reference. Single tracer trajectory by the ATM calculation
with horizontal advection and gravitational fallout processes. Input GPV is given by standard
atmosphere (NOAA et al., 1976) combined with zonal wind U = 10 m/s uniformly. Single tracer is
emitted from the altitude of 20 km asl. Terminal fall velocity of the tracer is according to Suzuki’s
law with fixed diameter D, density p, and form factor F' = 1/3 (Figure 2.6). The symbol x or e
denote tracer point at each time step by Euler or RK4 method and + denotes intermediate point
of the temporal integral by RK4 method in Equation (2.38), i.e. horizontal distance from release
point r(£) + S, dEVAL/6, r(t) + 3, (D) +2dE@) At /6, () + 3, (dF D +2dE@ +2a5D) A/,
where k = {hadv, fall}. Right figure of (a) shows enlarged near ground of the left one.
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Figure 2.11 Fallout or reflection of tracer on a surface. S(¢,2’), R'(t+At, —z") are the tracer points before/after

time integration, R(t+ At, z"") is the mirror symmetric point of R’ and P(t+ At, 0) is the pullback

point on the surface.
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2D GPV % N —Y— O BICEMNFT 5, 0%, RFZRE KD B KA~ O R N % SR TT 5,

ZEENAIE, —BICBUE TR GPV OSREEF I3 % KA IR OMEMEL AR & Wb, RFIZERTE 5 17 D P
D2 MG 2 R D 72012, KFEHEEIMELMEZFITTHFLTWS, ZITET, Figure 2.12 1217 & 512,
M= —Z2HT SHTFRDOI 5, FH 4 Ll 480 GPV (BIZIX, Uy,,) %&b L —5—DOKPFALE I

(LT+1) I+1]+1)

Figure 2.12 Space interpolation (GPV input). The symbol x denotes tracer position, e denote grid points
surrounding the tracer, (I, J), (I, J+1), (I+1, J), (I+1, J+1) are horizontal grid numbers and
Kij, Ki;j+1, (i =LI+1,j = J,J + 1) are vertical plane numbers of their points. z is tracer altitude,

za and 2, are interpolation altitude above and below the tracer (the symbol +), respectively.

14(2.43) REFAF T, 2z — t (KEZ(REZRD B b L —F—DWLD)., 21, za — by, ta (t DHIED GPV OFHIL), AZ — ta—t, = ATgpy
(5% B.2) @l 7232 & 2N,
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Figure 2.13 Space interpolation (ATM output). The symbol X denote tracer positions, e denote surface grid
points including the tracers and (I, J) and (I+1, J+1) are horizontal grid numbers. m,, is physical
quantity of the tracer (number n), ASI(?) is partial grid area divided by the n-th tracer and
AX,AY are horizontal grid spacing.
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