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2013 Colorado floods

* A warm-rain process (Friedrich et al., 2016)

Denver Post https://www.denverpost.com/2017/09/14/colorado-floods-2013-photos/



https://www.denverpost.com/2017/09/14/colorado-floods-2013-photos/

Shallow cloud system

Why research still needed?

* Representation of low clouds remains a dominant
source of uncertainty in climate models (IPCC AR5)

* Poor understanding of cloud microphysics leads to
poor simulation of cloud properties using LES and
CRMs, and inaccurate forecast of precipitation in
NWPs(Fan et al., 2016)

* No convergence of model results using different
microphysics schemes (White et al. 2017; Xue et al.,
2017)



Microphysical processes in warm
clouds

Warm cloud system

Processes involved in the formation and evolution of
cloud droplets and raindrops, such as condensation,

evaporation, collision-are-breatcdp-
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Warm rain initiation:
Discrepancy between observation and theory

Fast warm rain formation
Observations

e Fast rain initiation (~15-20min )
* Heavy precipitation
* Broad droplet size distributions

Broad DSDs in stratocumulus
SABINE GOKE (2007)
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Warm rain initiation:

Discrepancy between observation and theory

Theoretical Models

* Narrow droplet size distribution
from condensational growth

* Effective to grow drops to about
15 microns
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Next stage — collision growth

(R or r2 is collector drop radius)
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FIG. 8.1. Collision geometry.



Non-turbulent Collision Efficiencies
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FIG. 8.2. Computed collision efficiencies for pairs of drops as a function of
the ratio of their radii. Curves are labeled according to the radius R of the

larger drop.
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Condensation-collision bottleneck

Condensational growth dr 1
T

t
1) narrows the droplet size distribution
(DSD)
2) is only effective for r<15um

|'>30um

sion-coalescence

3

<15 pm ' Condensatioh-collision bottleneck
Condensation -

Effective gravitational collisional
growth requires:

1) broad droplet size distribution (DSD)
2) large droplets (r>30um)

(Picture'sourge: internet)
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Possible mechanisms to broaden the droplet size spectrum

 Aerosol effect:

e Giant aerosols (d>1um) serve as raindrop embryos
(Johnson, 1982, Blyth et al. 2003, Jensen and Nugent 2017, etc.)

* Low aerosol number concentrations generate large variability of
supersaturation (Chandrakar et al. 2016, etc.)

* Cloud-scale mixing

 Various droplet growth histories through eddy hopping
(Cooper 1989, Grabowski and Abade, 2017 etc.)

e Entrainment of unsaturated air (additional activation of CCN, larger
Sp. fluctuation)

(Baker et al. 1980, Lasher-Trapp et al. 2005, Tolle and Krueger 2014,
etc.)
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 Small-scale turbulence

* Induce supersaturation fluctuation
(Vaillancourt and Yau 2000; Vaillancourt, Yau,
and Grabowski 2001; Vaillancourt, Yau, Bartello,
and Grabowski 2002; Paoli and Shariff 2009,

Sadina et al. 2015, etc.)
e Speed up in collision

* Enhanced geometric collision kernel
(Franklin, Vaillancourt, Yau, and Bartello
2005; Franklin, Vaillancourt, and Yau 2007,

Ayala et al. 2008 etc.)

* Enhanced collision efficiency
(Wang et al. 2008, Pinsky et al. 2008, etc.)



Turbulence

e Characteristics:
* Irregularity: chaotic changes in flow velocity
* Intermittency
* Multi-scale interactions & energy cascade
 Dissipation, diffusion, and mixing

Cigarette smoke Running creak Billowing clouds Bumpiness in the air  Stirring the coffee

Photos from internet



Turbulence mechanisms in
speeding up collisions

Increase clustering

Increase relative motion
Counteract droplet hydrodynamic interaction
Modify the collision rates

Droplet hydrodynamic interaction

ts=0 ts=0
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Research questions

1. What are the crucial scales of turbulent motions related to collisions?
2. How does turbulence affect droplet geometric collision?

3. What is the impact on the droplet hydrodynamic interaction and thus
modify the collision efficiency?

Collision and Condensation

4. How does condensational process interact with collisional process?
5. How does turbulence modulate such interaction?
6. What is the role of turbulence in accelerating rain formation?

Introduction



Methodology

Direct Numerical Simulation (DNS)
* Dynamics: homogeneous and isotropic turbulence

* Cloud microphysics: droplet motion, collision, and growth

DNS explicitly resolves every scale of the

turbulent flow without any
parameterization

L~o(10cm)
Ax~o(1mm)




The adiabatic cloud core

More large droplets than the
diluted cloud body.
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Local eddy dissipation rate in cloudy
and cloud-free regions
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Fig. 12. Time series of local energy dissipation rates e (symbols)
with each point representing a one-second average. The dotted blue
lines indicate cloud events (unscaled LWC).

Helicopter-borne measurement by Siebert et al., (2013)



Model equations

Turbulence Vi 4, Disturbance Viisturp

* Turbulence flow: 3D homogeneous and isotropic NG
turbulence \k//\
\_/—

¢

dVy 1 \_/ %
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e Droplet disturbance flow:
- k) Composite flow
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k is droplet index number \_&'—7—
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Resolving the droplet disturbance flow

* Without disturbance flow

dVv

Background turbulence

=

drop ~F +
g
dt °
Fp = Vriow — Varop)
Tdrop




Resolving the droplet disturbance flow

* Droplet disturbance flow
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Resolving the droplet disturbance flow

* Droplet disturbance flow

Stokes flow around a sphere

11.12
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Model Scalability
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Computational cost of each model
component

Simulation set ups Walltbme (min-  sub-process Percentage of each sub-process
utes) Index

Dynamic 8.3 I 14.14%

Dynamic + thermo 16 2 13.12%

Dynamic + collision detection 14.1 3 4.96%

Dynamic 4+ coll detect + distur- 48.6 4

bance

Dynamic+thermo+droplet motion 18.9 5 4.94%

Everything is on 58.7 100%

Dynamics (v)
Thermodynamics (T & qv)
Collision detection contains generating linked lists of droplets for collision and

collision process
Disturbance refers to resolving the local disturbance flow of droplets (flow passing

the droplet surface)
5. Droplet motion refers to only resolve droplet velocity and tracking their locations

wnN =



Two types of experiments

Droplets do not grow Droplets grow with time

1 l t,I = B.é nin I 1
10 | _lrr‘ﬂ'x
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" 8 ~ 31
o = 8.e1 | 3
E’, 0.001 |
R N = L
AN AL RS v 0.0061 ' e
S e 8 18 20 30 48 58
radius {nicron)
 Collect collision statistics * DSD evolution in different
« Quantify turbulent effect turbulent environments . .
Three sets of simulations
Two sets of simulations « Turbulence impact on 1. Collision only
_di collisions, condensation .
1. Non-disturbed flow , | , 2. Condensation only
5> Disturbed flow and condensation-
' collision interaction 3. Condensation +
Collision
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Experiment 1
Turbulence effect on droplet collisions

Research Questions (Collision)

1. What are the crucial scales of turbulent motions related to collisions?
2. How does turbulence affect droplet geometric collision?
3. What is the impact on the droplet hydrodynamic interaction and thus
modify the collision efficiency?
e L et Model setup:
Ml oM e Turbulence intensities: €=0-1500cm?/s?
e T e r=5-25um
¥ * Turn off/on droplet disturbance flow:
) Disturbe irbed
0.02 B . ‘ | ‘. L °

Experiment 1




Droplet statistics to be investigated

* Radial distribution function  g(r; +15)
(g>1 clustering)

* Radial relative velocity W,
(diff. btw velocity of colliding particles)

« Geometric collision kernel [eEO
(no disturbance flow)
* Collision efficiency E(ry, )
* (Effective) collision kernel [EFE = TCEOE (1, 1)

rate at which an R drop collides with an r droplet

[CEO = 2n(ry + ) (W, ) g (ry + 1)




1.05

Determine resolution - sensitivity of K. .,n
kS
g |
<
9p)
S
Z’ 0.95+
3
O :
- ; .0 gR)
.q'tj) 0.9+ : IgTurb .
= : —&-
e
— d|
@)
Z 0.85 ! L L ' : :




63 Number of grid points 589
96 128 192 256 384 512 768 1024

- EEER
~
o ||
«

= [

F1G. 3. Overview of performed simulations over different R,
values and EDRs. Successful runs are shaded with gray; failed runs
are marked by X.

¢ (cm?/s?)



Relative importance of different

scales of turbulence
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Energy spectra for two different flow
conditions
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Droplet geometric collisions
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Parameterization of the turbulent
geometric collision kernel

Excluding Reynolds number term and replacing it with dissipation rate,

Turb Grav 2 R 0.5 0.85
r =17 +27R" ; + (7St,St,)

X \,,v""J().Se(]Tpl — 'rp2| +03 \/TplTp:).
Gravitational collision kernel
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Next step: turn on droplet disturbance
flow

Hydrodynamic interaction = collision efficiency

ts=0
20 micron r
6.41 10 micron i
6.4 | ]
6.39 | Disturbed flow \/
=
S 6.3} ]
5 ®
N 6.37F
6.36 |
6.35 |
6.34 | ®
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Experiment 1



Collision efficiency

Collision efficiencies:

droplet hydrodynamic interaction

0.6 r,=25um
—+= Gravity
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Experiment 1

CE increases with turbulent
intensity

Turbulence tends to counteract
the disturbance field and
increases the collision
efficiency



Turbulent Collision kernel (R=r2, r=r1)

Collision Kernel at different turbulent intensities

x107"3 R=10pm x 10712 R=15um

.8 . ) 4 ) . —+— Gravity
© !
Eel 3t W2
< —+—50
S ol {|——100
X
c | ——200
22t .- 1 {[——500
S I~ — L - |- - -P200

0P ' 0 T ' ' -G -W100

3 %10 R= 2'0um 15 x 10 R= 2.5/Lm -G -W400
@
E 250,
T2
€
[0)
X
S1¢
»
3
O ]

0 A A A O A A i -

02 04 06 08 1 02 04 06 08 1

r/R r/'R

A significant enhancement of collision kernel
by turbulence.

Hydrodynamic interaction and its response
to turbulence play critical role in
determining its collision rate.

Collision efficiency

Collision efficiency

Geometric collision kernel

— 2,3
2 -12 — 11 _ € (cm’/s’)
5 R=10 R= 15
E 8 x10 pm 4 x10 Lm —— Gravity
@ 20
E 6 3 ——50
s —+—100
24 2 ——200
3 ——500
o2 1
ko]
§o 0
20 [ x10™ R=20pm %107 R=25um
e 1.5 4
T
£
g 1
c
S
2
g 05
e
@
E o
8 0.2 04 0.6 0.8 1 0.2 04 0.6 0.8 1
'R R
R=10pum R=15um
0.15 —+— Gravity
20
o —0—50
01 / ——100
S —+—200
——500
0.05 _ —& P10
32 -8 -& -P200
oo -@-W100
0 -©-W400
R=20um 06 R=25um




Turbulence enhancement factor at varying r,/r,

€=200 cm?/s3

7
61 rfi‘;”m M\ Turbulence enhancement factor on
—— r,=15um . ..
- —— r§=20um |\ collision efficiency (CE) depends on
g — 1;=25um r,/r,, but is insensitive to r,
= n - -+ Pinsky2008 r,=20um, €200 |
@ -@ - Wang2008 r,=20pm, €100
C i \ . . .
g \ Strong effect on similar-sized
\ s e
war collisions
1 -
0 L L L L
0 0.2 0.4 0.6 0.8 1
r-l/rIZ
CE(¢)
Enhancement factor= ,
CE(gravity)

Experiment 1



Summary and discussion

* Droplet motion are mainly affected by small-scale
turbulence & insensitive to large-scale features.

* Parameterizations should get rid of R,-related terms (u’,
Ry, ..

* Compared to clustering and relative motion, hydrodynamic
interaction and its response to turbulence play critical role
in determining its collision rate.

* Turbulence effect is strongest on similar-sized collision: can
be effective in broadening the narrow size spectrum formed
by condensational growth

Experiment 1



Experiment 2
Complete the story: adding droplet
condensational growth

Research Questions (Collision and Condensation )

4. How does condensational process interact with collisional process?
5. How does turbulence modulate such interaction?
6. What is the role of turbulence in accelerating rain formation?

Experiment 2




Experiment 2
Complete the story: adding droplet
condensational growth

18

a.e1 ¢

8.881

8.8081

T T T T
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8.1

radius {nicron)

Model setups:

Include thermodynamic fields (T & q,)— Supersaturation
Droplets grow with time

Initial condition

DSD Aircraft observations of
shape marine cumulus clouds
(Raga et al., 1990)

LWC 1g/m3

€ 0-500 cm?/s3

r 5-20 um
CDNC 80 cm-3

T 6.5 min

Experiment 2



Thermodynamic equations

Macroscopic equations Microscopic equations
Wr P, P> CdMiTM' qurSpM V" Rir Cd’T,i q1,JrSp,
dP dR; a
= - R; = fL,K(§ ——
= —pg gz =K )
-2 1 dM 14 ~dR
P =RT C, = Lig _ _npwz j
M, dt M, 3 = dt
L=
1T, . L
M= W, T, + —=C,. dT’ ) L .
dt c, = -W'T, + :(( = Cu) + kNV?T
, ,
{{dvl/ -
—_— = —C,,, 1q! )
d! dM i - _((“/ — (“m) + [)UV:(,['M

dt



Droplet continuous growth in turbulent, supersaturated
environment

2 Mean-state supersaturation

2500

Supersaturation fluctuation

2000

1500 +

Height (m)
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Macroscopic variables Microscopic variables

W, P,p, CdM’ TM! dvm> SpM V’rRir CdtT,r qllﬂsp’

Cloud Base

Experiment 2



DSD in three simulations, e=500cm?2/s3

dN/dr (cm‘aum‘1

Condensation-only

Collision-only

Condensation-collision

] 40 i,tm - - 10* 40 !Jm = oF 40 |um Initial
‘J["tEL | imn| 10 | gminf 10" r;" | 2min
E : T : P - a : 4min
- é " %10 X | " %10‘1- i E " 6min
: I % : I %10‘2 : E |
E ! ] |
| I ol : SN _
: L : o - ol | [
0 20 40 60 80 1 0 20 40 60 80 10 0 20 40 80
Ra.dius (pzm) fodius (pm) Radius (uzm)
radius radius radius
1. Condensation-only produces very narrow DSD.
2. Collision-only process can produce large droplets.
3. Inclusion of condensation helps further boost collisions:

condensation-mediated collision.

Experiment 2




DSD evolution in different turbulent flows

Collision-only Condensation-collision
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Black line largest droplet in domain



Collision frequency distribution
-/ + condensation for different flows

Turbulence

Collision Frequency (cm3s1)

Collision-only Collision-condensation
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Enhancement

Normalized

(g) Grav

collision enhancement
o = N w » wuv

o

0.2 04 06 0.8
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collision enhancement
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collision enhancement
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=

As turbulence intensifies...

e Collision frequency increases
for all droplet pairs!

e Large contribution from
similar-sized collisions

Includingcondensation

(r/R<0.7)

* Reduces collisions in still air

 Some enhancement in turb.

(r/R>0.8)

* Enhanced coll. freg. by 2,
3.5, 4.7 fold with inc. in turb.

Experiment 2



PDF of collisions
Different flows
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Evolution of number of droplet pairs
Diff size (r/R<=0.7) Similar size (r/R>0.7)
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The physics learned so far:

 Collisions are mainly affected by small-scale turbulence.

* Turbulence has strong effects on accelerating droplet
collisions and producing wide droplet size spectrum.

» Strong on collision efficiency and milder on geometric
collision

e Strongest on similar-sizes collision

* Condensation alone does not produce large droplets.
However, turbulence promotes the condensation-mediated
collisions and thus boosts the formation of big droplets.

Condensation, Collisions, and
Turbulence collaborate dynamically to
accelerate the rain formation!




Future work

* The impact of different initial DSD on cloud development.

* Cloud-aerosol interaction (include aerosol activation)

 e.g., effects of giant/ultra giant aerosols, aerosol
loading, hygroscopic seeding, etc.

e Comparisons with in-situ measurement/ lab experiment
* e.g., Cloud chamber, HOLODEC measurements, etc.

* Autoconversion parameterization

* Extension to include ice particles
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Thank you!

A warm rain process observed in Lishui, East China




