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parameterization problem:
parameterized microphysics in
(under)resolved clouds

parameterization’ problem:
parameterized microphysics in microphysics at its native scale

parameterized clouds

Cloud microphysics across scales



Traditional modeling approaches are based on continuous
medium approach, that 1s, applying density of various condensed
water species (e.g., mass of particles per unit volume).

In practice, mixing ratios are used (1.€., mass per unit mass of dry
air) as these are conserved along fluid trajectories when particle
growth and sedimentation are excluded.

Such an approach has been a workhorse for cloud modeling for
decades...



Lagrangian versus Eulerian formulation
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Microphysical schemes:

Bulk schemes: single-moment (mass only, really no uphysics)
double-moment (mass and number)
triple-moment (mass, number, spectral shape).

Bin schemes: representing the spectrum of particles
(single moment, double moment).

Multidimensional bin schemes: representing the spectrum plus
additional particle properties (e.g., aerosol).
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Cloud

BULK MODEL OF CONDENSATION:

d6 L8
i C
dt T °
dq,

= —C
dt d
dg.
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f - potential temperature

gy - water vapor mixing ratio

ge - cloud water mixing ratio

L, - latent heat of condensation /evaporation

C'y - condensation rate L

Note: /T function of pressure only (= 6,/T,) °
cplle

Cy 1s defined such that cloud is always at saturation,
which is a very good approximation:

. =0 if g, <gys
g- >0 onlyif g, =qys

es(T)

mixing ratio at saturation

where ¢q,s(p,T) =~ 0.622 is the water vapor
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DOUBLE-MOMENT SCHEME:

D6  L,6
Dt cpTCd
Dqy

Dqt = —Ca
Dq

Dqt = Ca
DN,

Dt — Sact

N, - number mixing ratio (number od droplets in a unit mass

of dry air) of cloud droplets; Sget - source of cloud droplets
(activation)
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Adding rain or drizzle:

Population
4 Cloud/\ Rain
de dr
Size

THE DISTRIBUTION OF RAINDROPS WITH SIZE

By J. S. Marshall and W. McK. Palmert

McGill University, Montreal
(Manuscript received 26 January 1948)

WARM RAIN BULK MODEL (Kessler 1969):

D68 L.,60

B = cp:r(cd — EVAP)
Daq,

= -C EV AP

Dt d+

Dq.

Dr =Cy4—AUT — ACC

Dqg. 10

Dt po=

6 - potential temperature

¢» - water vapor mixing ratio

qe - cloud water mixing ratio

qr - Tain water mixing ratio

C4 - condensation rate

EV AP - rain evaporation rate

AUT - *autoconversion” rate: q. — q,
ACC - accretion rate: q.,q- — qr

v¢(qy) - rain terminal velocity (typically derived by assuming
a drop size distribution; e.g., the Marshall-Palmer distribution

N(D) = Nyexp(—AD), N, = 10" m—*).

(pgrve) + AUT + ACC — EVAP



Microphysical schemes:
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Population

BIN-RESOLVING WARM MICROPHYSICS:

Introducing

spectral density function

f(rt) =

f(r t):

dN(r,t)

dr

d N(r,t) is the concentration (per unit mass as mixing ratio)
of droplets smaller than  (cumulative concentration).

Size

f=N/Ar



Continuity equation for the growth by condensation:

Af(r,t d [dr
I 0 (4 1) =0
ot dr \ dt
dr . ) )
where 7 is growth rate of a droplet with radius r:
dr A(T,p) S
dt r
§ =2 _1is the supersaturation; ¢, is the ambient water
Gus

vapor mixing ratio; ¢,<(p,1’) is the saturated water vapor
mixing ratio.
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Yopulation

cloud droplets

BIN-RESOLVING WARM MICROPHYSICS:

ACTIVATION AND CONDENSATION

Continuity equation for activation and growth by condensation:

of(rt) @ (dr . .\
at + ar (dt f(,'t)) — “nucl

where S, 18 the source associated with activation of cloud
droplets (CCN activation).

oot —

move activated
CCN to

aerosols (CCN) ‘ ’ . droplet grid
. . ¢ OnCIé =

activated. ..
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Size

GROWTH BY COLLISION/COALESCENCE

The Smoluchowski equation (aka kinetic collection equation,
stochastic coalescence equation) for the spectral density
function f(m,t):

of(m,t)
Ot

— %/ f(m —M,t) f(M.t) K(m —M,M) dM
0

— f(m,t) / f(M,t) K(m,M) dM
0

m, M - droplet masses

K(m,M) - collection kernel; frequency of collisions (per unit
volume of air) between droplets with mass m and M



GROWTH BY COLLISION/COALESCENCE

The Smoluchowski equation (aka kinetic collection equation,
stochastic coalescence equation) for the spectral density
function f(m,t):
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K(m, M) - collection kernel; frequency of collisions (per unit
Size volume of air) between droplets with mass m and M



GROWTH BY COLLISION/COALESCENCE

The Smoluchowski equation (aka kinetic collection equation,
stochastic coalescence equation) for the spectral density
function f(m,t):
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m, M - droplet masses

K(m, M) - collection kernel; frequency of collisions (per unit
volume of air) between droplets with mass m and M
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GROWTH BY COLLISION/COALESCENCE

The Smoluchowski equation (aka kinetic collection equation,
stochastic coalescence equation) for the spectral density
function f(m.,t):

df(m,t)
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— f(m.t) /000 f(M,t) K(m,M) dM

m. M - droplet masses

K(m,M) - collection kernel; frequency of collisions (per unit

volume of air) between droplets with mass m and M




Growth of water droplets by gravitational collision-coalescence:

-

K(mg1,me2) = E. m(ay +ag)? |(Va, — Va, |

\Oy
i3

Y
GRAZING
TRAJLCTORMES

Collision efficiency: Grazing

trajectory ]

9
l/a L] -
E . = ZC : q,
“ (ay + as)? Q

Droplet inertia is the key; without it, there will be no collisions. This is why collision
efficiency for droplets smaller than 10 pm is very small.
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Microphysical schemes:

Bulk schemes: single-moment (mass only, really no uphysics)
double-moment (mass and number)
triple-moment (mass, number, spectral shape).

Bin schemes: representing the spectrum of particles
(single moment, double moment).

Multidimensional bin schemes: representing the spectrum plus
additional particle properties (e.g., aerosol).
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BULK RAIN/ICE MODEL
(Lin et al. 1983, Rutledge and Hobbs 1984)
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Traditional approach to bulk cloud microphysics

EVAPORATION DURING MELTING (PMLTEV)
+« WATER nd

) CONDENSATION —o] VAPOR » INITIATION (PINT)
(PCOND) DEPOSITION (PDEPI)

(PMLYGE)

RIMING (P°SACW)
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{P™RACI)
BERGERON (PSFW)

UTOCONVERSION

(PCONV)
COLLECTION

3

DSITION (PGDEP) / EVAPORATION DURING MELT

Warm- o{ PRECIPITATION } Ice
rain part part
F1G. 1. Schematic depicting the cloud and precipitation processes included
in the model for the study of narrow cold-frontal rainbands.

Lin et al. JCAM 1983, Rutledge and Hobbs JAS 1984



Microphysical schemes:

Bulk schemes: single-moment (mass only, really no uphysics)
double-moment (mass and number)
triple-moment (mass, number, spectral shape).

Bin schemes: representing the spectrum of particles
(single moment, double moment).
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Is bin microphysics the ultimate scheme?

Such a scheme 1s often used as a benchmark for bulk
schemes (e.g., deriving formulas for bulk schemes)...

But, there are 1ssues:

- physical complexity, especially for ice;

- stochastic (,,lucky droplets*) vs deterministic
(Smoluchowski eq.) rain onset?

- numerical aspects;

- how to account for subgrid-scale processes?



Idealized Simulations of a Squall Line from the MC3E Field Campaign Applying

Three Bin Microphysics Schemes: Dynamic and Thermodynamic Structure
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Setup of WRF bin simulations: R A

-y
-
it

_av @ il i

bowling alley horizontal domain; open at the ends, periodic across

1 km/0.25 km horizontal/vertical grid length, 3 sec time step

single sounding (from observed environment ahead of the squall line) initialization, low-
level convergence applied to initiate convection

model run for 6 hours, two initial hours considered as spinup

612 km



Radar reflectivity

composite of observations
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Can we do better?



Lagrangian treatment of the condensed phase:
“Lagrangian Cloud Model”, “Super-droplet method™:

The super-droplet method for the numerical simulation of
clouds and precipitation: A particle-based and probabilistic
microphysics model coupled with a non-hydrostatic model

S. Shima,** K. Kusano,® A. Kawano,® T. Sugiyama® and S. Kawahara®

Cloud-aerosol interactions for boundary layer stratocumulus
in the Lagrangian Cloud Model

M. Andrejczuk,l W. W. Grabowski,2 J. Reisner,3 and A. Gadian'

libcloudph++ 1.0: a single-moment bulk, double-moment bulk, and
particle-based warm-rain microphysics library in C++

S. Arabas! JALD aruga1 , H. Pawlowska! ,and W. W. Grabowski’

Unstitute of Geophysics, Faculty of Physies, University of Warsaw, Warsaw, Poland
2National Center for Atmospheric Research (NCAR), Boulder, CO, USA

A new method for large-eddy simulations of clouds
with Lagrangian droplets including the effects of
turbulent collision

T Riechelmann'3, Y Noh? and S Raasch!
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© CCN
e activated CCN — cloud droplet

Lagrangian warm-rain microphysics
(e.g., Andrejczuk et al., Shima et al., Arabas et al. and others)



Summary:

Lagrangian approach to model cloud processes provides a straightforward
methodology when compared to existing Eulerian bin microphysics schemes.

Since typical grid lengths 1n cloud simulations are a few 10s of meters, the
impact of subgrid-scale processes on the droplet spectrum needs to be
included. This is straightforward when the Lagrangian approach is used, but
difficult (impossible?) for traditional Eulerian LES cloud models.

10 | I

Grabowski
and Abade

7 JAS 2017

1 10 100 1000

linear scale L (m)

Extension of the Lagrangian approach to include ice processes seems
straightforward and 1s pursued by several groups (Japan, Germany, Poland).
Application to deep convection simulation will become a reality soon...



