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If Lagrangian motion of cloud droplets is calculated directly,

Diffusion and settling of droplets can be calculated directly.

No numerical diffusion of droplet spectrum

Activation and condensational growth are calculated naturally following droplets.

Direct interaction between droplets and turbulence.

e Time history of each droplet can be obtained.
— Transition to raindrops of each raindrop (autoconversion, accretion) is calculated

directly.



1. The Route to Raindrop Formation in a Shallow Cumulus Cloud
Simulated by a LCM
(Hoffmann et al., JAS 2017)

2. Analysis of Cloud Microphysics Parameterization from LCM
(Noh et al., JAS 2018)

3. Development of Cloud Microphysics Parameterization Based on
LCM



An ldealized Single Cloud Experiment (RICO)
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Particles information

Initial particles size: 0.1 um

Initial weighting factor: 9-10°
Total number of particles: ~ 3.4 x 108 (~ 200 per grid box)

Particle concentration: 100 cm
Bubble size : 1280 m x 150 m x 200 m, AT=04 K

Initial CCN concentration: 20, 70, 150 cm™
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1. The Route to Raindrop Formation in a Shallow Cumulus Cloud Simulated by a LCM

Simulation of an ldealized Single Cloud

10.00 min
Liquid Water Content [a/kg] Lagrangian Particles  Color: radius [um]
2800 | - | T T B 2800 | - | T T B
2400 - 2400 -
2000 - 2000 - =
1600 - 1600 -
£ £
N 1 N 1 -
1200 — — 1200 — —
800 - 800 -
- i
400 - 400 - -
0 T~ T T T T T T T ] 0 T T T T T T T ]
1200 1500 1800 2100 2400 2700 1200 1500 1800 2100 2400 2700
HE 1R e (1, 1)
0.01 021 041 0.61 081 1 1 10 19 28 37 46 55 64 73 82 91100
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Questions to Raindrop Formation

It is difficult to explain the rapid growth of cloud droplets in the size range 15 - 40 um,
for which neither the diffusional growth and nor the collisional growth is effective.

— KR r)=z(R+r)*|v(R)—Vv(r) E(R,T)

e Entrainment and mixing broaden the droplet size distribution (DSD)
(Baker et al. 1980, Cooper 1989, Lasher-Trapp et al. 2005)

e Turbulence induces collection enhancement (TICE)
(Pinsky and Khain 2002, Wang and Grabowski 2009)

e Effects of giant aerosol particles
(Ochs 1978, Johnson 1982)

= The best way to investigate raindrop formation is how and under which condition
cloud droplets grow to raindrops by tracking Lagrangian droplets in LCM.
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Distributions of r.«, o, €, and S
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Raindrop formation is triggered when droplets with a radius of 20 um appear in near the

cloud top, characterized by a large q,, I, 0, €, and S.
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Pdf of variables
--- . potential raindrops

—: whole cloud
red: GRAV
blue: TURB

e Raindrop is formed in the region of
highq,, I, €, o,and S

e TURB - higherq,, ry, €, and S
e GRAV - higher o,
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Time series following potential raindrops
( --- : adiabatic parcel model (no DSD broadening), — : LCM; red: GRAV, blue: TURB)

e Raindrop formation is triggered, when largest droplets grow to r = 20 um.

e TURB - Raindrop formation is triggered in time, regardless of DSD broadening
GRAV - Raindrop formation is severely delayed without DSD broadening

e TURB does not accelerate the timing of raindrop formation, but it enhances the
collisional growth rate substantially, leading to stronger precipitation.



Time to reach raindrops (tg) from the collision box model
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e small ¢ — t becomes very large for small c.
e large ¢ — 1t does not vary much with .



preciplable water (ka)
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e Delayed raindrop formation for larger Nc.
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e stronger effect of TICE for larger Nc.

Times series of variables from different initial
droplet concentrations (Nc): (a) gl (r > 40
um), (b) R, (c) Z, and (d) & (solid: GRAV,
dotted: TURB) (blue: 20 cm3, green: 70 cm-3,
red: 150 cm-3).



Conclusion

e Raindrop formation is triggered
- when droplets with a radius of 20 um appear in the region near the cloud top

eRaindrop is formed in the region of high q;, r., €, c,and S.
-0y, l'ets» € and S are higher in TURB
- o, 1s higher in GRAV.

¢TURB - Raindrop formation is triggered in time, regardless of DSD broadening.
GRAV - Raindrop formation is severely delayed without DSD broadening.

¢TURB does not accelerate the timing of raindrop formation, but it enhances the
collisional growth rate substantially, leading to stronger precipitation.

e As aerosol concentration (N) increases,
- faster and stronger precipitation
- stronger effect of turbulence



2. Analysis of Cloud Microphysics Parameterization Based on LCM

Parameterization of Cloud Microphysics

ex) two moment scheme (warm cloud) . _
0. = cloud water mixing ratio (r <r~)

dg g, = rainwater mixing ratio (r > r")
d—tC =Cd-A-C+Df N, = cloud drop concentration
N, = raindrop concentration

dN. Cd = condensation
g - C-Ev-A-C+Df Df = diffusion
Ac = activation
dg, Sd = sedimentation

Ev = evaporation

d———Sd + A+C - Ev+ Df
t Sc = selfcollection

dNr=Sd—Ev+A—Sc+Df —

dt doud droplets . raindrops

A (= autoconversion): O
cloud droplets + cloud droplets — raindrops N scemton
& al.d!f.r:;“m'ﬁia'm .

C (= accretion): »’*.

cloud droplets + raindrop — raindrops d i N

r* = 40 pm radius r

13



Parameterizations of Autoconversion (A) and Accretion (C)

Schemes Autoconversion rate Accretion rate
(kg m s71) (kg m s71)
Kessler (1969) A=aq H(q.—q.;) C= ﬂchf"gi’\«f’%
(¢ =10%, g, =5x10% (p =0.29)
Tripoli and Cotton A4=aqg/°N"H(R-R,) C=pqq,
(1980) (a =3268, R, =7 pum) (f =47
Beheng (1994) A=adg* ' N*? C=pqyq,

(¢ =3.0x 10 d=99 for N, <200 (B =6.0)
cm™, d=3.9 for N, >200cm™)

247 A7-1.79 147
1?\/:__ D

Khairoutdinov and 4=aq; C=p(qq)"p™"

Kogan (2000) (o =742 X 105) (B =67)

N, = the droplet concentration
q. = cloud water mixing ratio, g, = rain water mixing ratio



Calculation of Autoconversion and Accretion

LCM can calculate autoconvesion and accretion of -
individual droplets directly by capturing the moment S e S
at which r grows larger than r”.
e collision equation
n-1 Np
dMn5t=ZWm MHP{K( r)Wét} ZW K(r,,r)W_ot
dt m=1 Wn AV m=n+1 AV

gain of mass from super-droplets  |oss of mass to super-droplets
with smaller W with larger W

At every collision event (r, > r,)")

AM ,, =W, Wm >0 — A, C, S depending on r and r,.

n: n1

*A = autoconversion, C = accretion, S = self-collection



TABLE 1. Grouping of collision event to autoconversion, accretion,
and self-collection (O: raindrop; X: cloud droplet).

Fin . r, Group

X X X Self-collection
X X O Autoconversion
X O O Accretion

O X O Accretion

O O O Self-collection

A and C occur at a very small fraction of grids during 4t (= 0.2 s)

> @)= XA CQu) =12

N

1

gc i=1 Qcr i=l

* A;(C,) = autoconversion (accretion) at each grid point
Nge(Nore) = number of grids with .(Q,¢) < Q¢ = 0.0,



SBM LCM

- grid-averaged - following Lagrangian particles
- continuous, deterministic - intermittent, stochastic

* Calculation of A and C in the SBM

A= J'OX*UXX:_X K (x, x)x"n(x")dx } n(x) dx C= _[;UOX* K (X, x)x"n(x")dx } n(x) dx

X =(413)prr’™
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AUTOCONVERSION (param) (kg m”s']

AUTOCONVERSION (param) (kg m”s']

Comparison of Parameterizations of A and C with SBM

e LES - Khairoutdinov and Kogan (2000), Kogan (2013)

e Observed DSD - Wood (2005), Hsieh et al. (2009)
e |dealized DSD - Seifert and Beheng (2001), Frankin (2008)

Khairoutdinov and Kogan
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Comparison of Autoconversion from LCM with Parameterizations.
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Variation of A (upper) and N, (lower) with g,
(a, c: TURB; b, d: GRAV; a, b: N =70; ¢, d: N = 150)

e The Kessler type autoconversion is verified (A~qg;H(R-R;))
e The variation pattern generally follows the Tripoli and Cotton scheme (A ~ q”/3),
although « and R; are different.

Tripoli and Cotton (1980); A=aN"g/°H(R-R,) *R=(q,/N)"*



C (kg/kg’s)

Volume

Comparison of Accretion from LCM with Parameterizations.
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Other Factors to Affect A

e Turbulence-Induced Collection Kernel Enhancement (TICE): ¢
- Seifert et al. (2010), Franklin (2008), Seifert and Onishi (2016)

e Dispersion of DSD: ¢
- Berry and Rheinhardt (1974), Beheng (1994), Liu and Daum (2004)

e Aging Period: t —t,
- Straka and Rasmussen (1974), Cotton and Anthes (1989)
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Box Collision Model Simulations

- only the collision algorithm

- starting with nog-normal DSD with N, (= 40, 70, 150 cm=), 6 (= 0.5, .. 7 um),
andr, (=1, .. 18 um)

-£=0, 200, 400 cm?s73,
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— The TC parameterization A=aN;"q/*H(R-R;) is followed,
although « and R; vary widely.

*R, is determined by the radius at which A/ N _1/3CIZ/3 becomes smaller than 1/10 of that at r = 18 um
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A New Microphysics Parameterization Based on LCM Results

e autoconversion: A=aN_"*q/°*H(R-R;)

TC80 New Parameterization

o = 3268 a=a(o-o,)1+Dbe)
R =10 um R, =d:"(o,—0)", ifo<o,
=0, if 020,
oc=o(t-t,,N,)
e=¢(t-t,)

(@=1.0cmium?, b=8.0x103cm?s3 o, =1.35pum)

e accretion: C=pq.q,

TC80 New Parameterization

B=4.7 £=6.3-29.0
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Both ¢ and & increase with time in the early stage.

* Cotton and Anthes (2001)
- The 'aging period' is necessary to commence autoconversion in order to
avoid the early production of rain water too low in the cloud.



Conclusion

e Autoconversion and accretion are calculated directly from LCM results.

e \/arious parameterizations of autoconversion (A) and accretion (C) are
evaluated. (Kessler (1969), Tripoli anc Cotton (1980), Khairoutdinov and Kogan
(2000), Beheng (1994))

e The Kessler-type autoconversion parameterization is verified for the first time.
e The effects of DSD (o), turbulence (¢), and aging on A are clarified.

— Applied to improve the autoconversion parameterization by Tripoli and
Cotton (1980).

e The aging period is realized to prevent too early precipitation.

e The variation of ¢ and € may depend on cloud dynamics, and should be
parameterized.



3. Development of Cloud Microphysics Parameterization Based on LCM

Cloud Field Simulation (BOMEX)
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Comparison of A and C from LCM with Parameterizations.
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Enhancement of A and C with o (t) and € in SB
(Seifert and Beheng 2001, 2006; Seifert et al. 2010)
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Box Model
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A New Microphysics Parameterization Based on LCM Results

e autoconversion: A=aN*°g/*H(R-R;)

a=a(o, —o,,)1+be) +a a=0.91 cmipm*
b=0.081 s3cm?

R, =d G = 0.37 um

o, =CR; oy = 3.83 cmrium?
¢ = 0.029
d=2.5pum

e accretion: C = £0.9,

B = BfL-exp[-7(R, - R.)I} Bo=4.0
vy =0.01 um-!
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