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Cloud processes span tremendous range of scales, from
thousands of kilometers down to a fraction of a cm...

Earth Small cumulus Mixing in laboratory
in visible light clouds cloud chamber
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Resolving such a range of scales in numerical isogd
never be possible...
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Resolving such a range of scales in numerical isogd
never be possible...

Even for processes near each of the scale illest@bove, there
are multiscale interactions that cannot be resabyethe “direct
numerical simulation” approach...

Significant progress may still be achieved usingiftracale”
approaches.

NB. “Multiscale” is used here in a loose sernsdending the
range of scales directly simulated by the model...




Modeling effects of turbulence on growth
of cloud droplets by collision/coalescence




Elementary facts about cloud droplets:

Radiusr : 5-30 microns ¢ << Kolmogorov length scale)

Concentration: 50-2,000 cn?( mean separation distance >¥)

Mass loading: 0.5-5 g kg ( << 1; negligible effects on turbulence)




Growth of cloud droplets:

by diffusion of water vapor --- only efficient forr < 15 um

by collision/coalescence --- only efficient for r 25 um

Collector Drop

%)




Droplet inertial response time:

T,= 2p, 119

p,,— Water density (~Hkg nt3)

u — air dynamic viscosity (~1:50~kg mt st)




Parameters describing interaction of cloud dropletswith
turbulence for the casewith gravity :

Stokes number: St = rp/ T, (typical values: 0.001 — 0.3)
t,- droplet response time

r, — Kolmogorov timescale

Nondimensional sedimentation velocitySv = y,/ v,

(typical values: 0.1 — 10)

v, - droplet sedimentation velocity ¢z, for small droplets)

v, — Kolmogorov velocity scale




DNS simulations with sedimenting droplets for camahs
relevant to cloud physics£160 cnis?)

Vorticity

r=20 micron
(contour 15 3)

r=15 micron r=10 micron

Vaillancourt et al. JAS 2002




Growth by collision/coalescence: nonuniform distrilition
of droplets in space affects droplet collisions...




-Turbulence modifies local droplet concentration
(preferential concentration effect)

-Turbulence modifies relative velocity between aiilhg
droplets (e.g., small-scale shears, fluid acceleras)

- Turbulence modifies hydrodynamic interactions when
two droplets approach each other
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-Turbulence modifies local droplet concentration
(preferential concentration effect)

-Turbulence modifies relative velocity between aiilhg
droplets (e.g., small-scale shears, fluid acceleras)
collision efficiency

- Turbulence modifies hydrodynamic interactions when
two droplets approach each other




Collision efficiency E_ for the gravitational case:

Grazing
trajectory

S (a1t ap)?




The hybrid DNS approach: including disturbance flows due to droplets
— | Np — — —
U(X,1)+ Zus(rk; .,V U (Y, 1) -0,)
k=1

Background turbulent flow Disturbance flows due to droplets

nnnnnn

Features: Background turbulent flow can affeetdisturbance flows;
No-slip condition on the surface of each droplet tsfad on average;
Both near-field and far-field interactions are cdesed.

Wang, Ayala, and Grabowski, J. Atmos. $&& 1255-1266 (2005).
Ayala, Wang, and Grabowski, J. Comp. PIR25 51-73 (2007).




eravitational and turbulent collision kernels, I'{, and I'js,
with amd without hydrodynamic intercations (HI, no HI):

TLQ(HI) = Elg rlg(NO HI)

Elg rlg(NO HI)
E{, TY,(No HI)

(strictly valid for droplets of unequal sizes only)

I'ip(HI) = Efy TY5(No HI)

To(HI) = ng ne Ti,(HI)

/ / l

rlg N() HI
I'{,(No HI)

9,(II) = BY, T'%,(No HI)

Ng =

Table 1: ay = 20 pm, ay = 25 pm

i 2 a—
€(ecm”s™) g e N=npna

100 1.10 1.12 1.23

400 1.60 1.42 2.27
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Enhancement factor for the collision kernel (thsorbetween
turbulent and gravitation collision kernel in sair) including
turbulent collision efficiencys = 400 cm s=5.




1. Autoconversion; 2. Accretion:
(Berry and Reinhardt, 1974)
1 lllHHl 1 lllHHl 1 1111111]’7\1 L1

0.025 -

dg/dt, g/m’

radius (mm)

3. Hydrometeor self-collection
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~_
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t

t=60
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Cloud turbulence seems to have appreciable
effect on droplet growth by
collision/coalescence. This Is a combination
of the impact on the number of geometric
collisions and on the collision efficiency.







ADIABATIC LWC |

black = PVM (1 hz)
blue = max PVM (1000 hz)
red = 2DC Precip. (1 hz)

1.5 : Figure 1 - 100-m resolution (1Hz), maximum 10-cm
q (g/kg) resolution (1000 Hz),and 2DC LW C for all ~ 200 Cu
aircraft passes for flight RF12.

Shallow convective clouds are strongly diluted by entrainment




Bulk mixing between cloudy and cloud-free air
(adiabatic, isobaric)

cloud—free

td ? qd

O ool oy

temperature
waler vapor mixing ratio
cloud water mixing ratio




time-scale for cloud droplet evapotation 7;:

e dt ] ~ A(l— RH)

r - droplet radius, A 2= 1071 m?s~!, RH - relative humidity
T4 7 1 s for RH=0.1

74~ 10 s for RH=0.9

time-scale for turbulent homogenzation ,:

L (A"
=g o\T

L, U - eddy length scale and velocity, € - turbulence dissipation rate

for e = 100 cm?s™3:

7= 02sfor L=1cm
n~bsforL=1m
7~ 100 s for L = 100 m




For atmospheric large-eddy simulation (LES) modelgspatial
gridlength between 10 and 100 meters), subgrid-s@&mixing
should cover wide range of situations, fronextremely
Inhomogeneousat scales close to model gridlength, to
homogeneoust scales close to the Kolmogorov scale (typically
around 1 mm).
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For atmospheric large-eddy simulation (LES) modelgspatial
gridlength between 10 and 100 meters), subgrid-s@&mixing
should cover wide range of situations, fronextremely
Inhomogeneousat scales close to model gridlength, to
homogeneoust scales close to the Kolmogorov scale (typically
around 1 mm).

(NB: This problem is similar to modeling turbulent combustion.)

However, this is not how subgrid-scale mixing andrhogenization
are represented in current LES models.

For bulk models, a pdf-based subgrid scheme of Sonana and
Deardorff , JAS 1977, Is sometimes used...




Possible approaches:

-Simple approach: a subgrid scheme based on Bralaae
Breidenthal (JFM 1982) scale collapse model (Gradbow
2007);

- Sophisticated approach: embedding Kerstein’s Lrib@hly
Model (LEM) in each LES gridbox (“One-Dimensional
Turbulence”, ODT,; Steve Krueger, U. of Utah).




Possible approaches:

-Simple approach: a subgrid scheme based on Bralaae
Breidenthal (JFM 1982) scale collapse model (Gradbow
2007);

- Sophisticated approach: embedding Kerstein’s Lrib@hly
Model (LEM) in each LES gridbox (“One-Dimensional
Turbulence”, ODT,; Steve Krueger, U. of Utah).




Bulk model for nonprecipitating clouds:
Turbulent

transport

C —condensation rate, defined by a constraint that clady air
IS always at water saturation (instantaneous adjustent).




Bulk model for nonprecipitating clouds:
Turbulent

transport

C —condensation rate, defined by a constraint that clady air
IS always at water saturation (instantaneous adjustent).

Instantaneous adjustment is questionable for the
cloud-environment mixing...




Evolution of spatial scalek of the filaments of a passive scalar during turbulet mixing
(Broadwell and Breidenthal 1982)
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DNS simulation of cloud-clear air interfacial mixig (decaying
turbulence setup; Andrejczuk et al. JAS 2006)




Application of the A equation into LES model:

ox 1 1/3\1/3
Fij V- (pou) = —ae /" N7 + Sy 4+ D,

E is the model-predicted TKE, A = (Az Ay A=z)1/3, and ¢, is a constant

Outside cloudi=0

Inside homogeneous cloudsA

S ensures transitions between cloud-free to cloualtidl
condensation) or between inhomogeneous to homogsneo
cloudy volume (see Grabowski 2007 for details).




}n.,::, <A< A

lambda _e=2_._ bulk

(Jarecka et al., J. Atmos. Sci., submitted)




ORIGINAIL
MODIFIED

time (hours)

Figure 8 Evolutions of the cloud cover and liquid water path in BOMEX simulations using
either the original (solid lines) or the modified (dashed lines) approaches.

Simulation of a field of shallow convective clou@sabowski JAS 2007




This is work In progress...

The idea is to apply such a subgrid-scale
model with more sophisticated
representation of cloud microphysics to
locally predict cloud droplet sizes (the
homogeneous versus inhomogeneous
mixing).







Cloud-resolving modeling of GATE cloud systems
(Grabowski et al. JAS 1996)
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Grabowski et al. JAS 1998:

“...low resolution two-dimensional simulations
can be used as realizations of tropical cloud
systems in the climate problem and for
Improving and/or testing cloud
parameterizations for large-scale models...”

- Can we use 2D cloud-resolving model (CRM) in all
columns of a climate model to represent deep
convection?

- Can we move other parameterizations (radiative
transfer, land surface model, etc) into 2D CRM?




Cloud-Resolving Convection Parameterization (CRCP)
(super-parameterization, SP)

Grabowski and Smolarkiewicz, Physica D 1999
Grabowski, JAS 2001

The idea Is to represent subgrid scales of the 3D large-
scale model (horizontal resolution of 100s km) by
embedding periodic-domain 2D CRM (horizontal resolution
around 1 km) in each column of the large-scale model

Another (better?) way to think about CRCP: CRCP
Involves hundreds or thousands of 2D CRMs interacting in
a manner consistent with the large-scale dynamics




Original CRCP proposal




CRCP Is a “parameterization” because scale separation
between large-scale dynamics and cloud-scale processes is
assumed; cloud models have periodic horizontal domains and
they communicate only through large scales.

CRCP is “embarrassingly parallel”: a climate model with
CRCP can run efficiently on 1000s of processors.

CRCP is a physics coupler: most (if not all) of physical (and
chemical, biological, etc.) processes that are parameterized In
the climate model can be included into CRCP framework.




NSF Science and Technology Center was createdd@.20

Center for Multi-Scale Modeling of Atmospheric Processes

August Team Meeting
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SP (Super-
Parameterized) CAM (Community Atmospheric Model joéd
NCAR’s Community Climate System Model (CCSM)

Super-Parameterization

GCM grid column
2.8° ~ 300 km
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64 CRM columns x 4 km = 256 km

(Khairoutdinov and Randall, 2001; Khairoutdinov et al. 2005, 2007; Wyant et al. 2006)




Tropical disturbances in MMF and standard CAM corefddo
observations on the Wheeler-Kiladis diagram

OLR spectrum
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(Khairoutdinov et al. JAS 2007)




Results from a traditional climate model versus MMF

Khairoutdinov et al. JAS 2005
DJF High-Level Cloud Fraction

e = 359577

Traditional
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Resolving entire range of scales from cloud micagesto
climate in numerical models will never be possible.

For processes near each of the scale discussedieresare
multiscale interactions that cannot be resolvethey‘direct
numerical simulation” approach.

Knowledge developed at one scale can subsequentigdxd In
modeling larger scales. For instance, the impastwdll-scale
turbulence on droplet growth can be parameteriaadS
models, where small-scale turbulent motions areesolved.
This Is the concept of “hierarchical” approach, dméy hope to
cover the entire range of scales relevant to cemat




