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Cloud Microphysics Critical for Weather & Climate

Major Issues for Clouds, Precipitation and Aerosols

* Cloud Phase
* Critical for radiative effects at high latitudes AND for cloud feedbacks. Also
weather impacts

* Cloud Microphysics: size distributions govern process rates
* Dynamics-Microphysics coupling
* Vertical structure of clouds: cloud base, freezing, entrainment at top

* Aerosol activation (cloud-aerosol interactions)

* Vertical velocity critical

 Precipitation Formation: Frequency & Intensity



A (not so unique) vision: Seamless Prediction
System for Integrated Modeling of the Atmosphere (SIMA)

Atmospheric Modeling Ecosystem in Mid-2010s SIMA-based Atmospheric Modeling System in Mid-2020s
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What is Cloud Microphysics?

Example: Community Atmosphere Model (CAMG6) Finite Volume

Dynamics \

A-Mode Surface Fluxes
Liu, Ghan et al Precipitation

Crystal/Drop A G 9. G Q.

Activation Radiation re;, rey, rey, reg ’

Mass,

Number Conc| A€rosols Deep Convection

Zhang-
McFarlane

CCN,IN
2 Moment Microphysics
Morrison & Gettelman g"’“ds (A),
. ondensate (qy, q))
Ice supersaturation
Prognostic 2-moment Precip

Cloud fraction & | nified Turbulence
Condensate:

T, Adeep, Ash

CLUBB

A = cloud fraction, q=H,0, re=effective radius (size), T=temperature
(i)ce, (Diquid, (v)apor, (r)ain, (s)now



Types of Microphysical Schemes

Used in models at scales:

Global & Mesoscale models

particle
distribution

function

Bulk

Distribution
usually assumed
to follow analytic

functional form

particle

distribution
function

particle size or mass

Two Moment = Prognostic Mass and Number
One Moment = Prognostic Mass, Diagnostic Number/Size

Bin

Distribution
discretized
into bins

particle size or mass

Mesoscale /Large Eddy Simulations/Parcel

LES/Parcel

Lagrangian particle-based

Distribution
A represented by
sampled “super-
Z particles” with
S - multiplicity factor
multiplicity ; .:0.. O

particle size or mass

Figure: Morrison et al 2020, JAMES



Microphysics, Size distributions

dN/dlogD (L™ ;m™)

Comparison is GCM cloud microphysics along aircraft flight tracks with in-situ data
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Advanced GCMs/GSRMs can be compared directly to cloud

microphysical size distributions (here from SOCRATES).

(a) All Clouds

ol I Y e W 1 v ol

—2DS-H, all "
2DS-H, round |-
----CDP E-
——total &
—liquid, cool
—liquid, warm F
rain
—ice
SNow

10°

TT II T T T T 11T II I T 1 1 T1 II
10' 10° 10°
Maximum Diameter (m)

dN/dlogD (L™ zm™)

10°

10°

10*

10° -

107
10!
10°
10"

107

1073 -

(b) Cold (T<0°C) Clouds
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(c) Warm (T>0°C) Clouds
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Microphysics: Comparing to Reflectivity

Comparisons over Macquarie Island in S. Ocean
between a precipitation radar and single column
simulations with one-moment and 2-moment
microphysics in the ECMWEF-IFS SCM.
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Robustness: Parameter Uncertainty

Pe rtU rbed Pa rameter Eﬂsemble (PPE) Eidhammer, Gettelman, Thayer-Calder, Duffy

------ Control run (Baseline CAM6 parameters)
Mean over all 250 simulations
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Climate Extremes: Variable-Resolution (60—>3 km)

Global Model: CESM-MPAS: 3km regional, no

hydrostatic dynamics.

Regional climate model: WRF (CONUS) 4km
(Rasmussen et al., 2021)

W. USA Wet-season (Nov-Mar) precip (5yrs)s -

e CESM-MPAS results compare well to obs
 Smaller biases than WRF mesoscale model

Daily precipitation Intensity PDF

4km Mesoscale Model (WRF)
3km Global Model (CESM)
4km Observations

CESM captures observed PDF better than
WREF, especially for extreme precipitation

X. Huang, NCAR

PRISM (4km) CESM-MPAS (3km) (MG3) WRF (4km)
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Climate Extremes: Variable-Resolution (6023 km)

. Central US Summertime squall line. 24 hour forecast valid 0 UTC 27 April 2017
. Mesoscale model v. Climate Model

observed WRF physics

- B CEEm
Reflectivity (dBZ) 07418 22 26 30 34 38 42 46 50 54 58 62 66 70

M. Chen, W. Skamarock, X. Huang, NCAR CAMS6 = CMIP Model CAM6+Graupel

(* Computed using single-moment reflectivity diagnostic)



Emulator Performance

Machine Learning the Warm Rain Process 10g10(dq,/dt)

I
(0)]
]

NN Emulator reproduces
detailed code

I
O
]

Can we do the warm rain process better with Machine Learning?

TAU Emulator
|

Replace traditional GCM bulk rain formation with a bin model —15

formulation for stochastic collection. This is too expensive for 18

climate use. So emulate it with a neural network. ~18

Results: —©

 We can change the answer in the model with the bin code. ~

* Very slow when using full treatment é’

* Recover speed and recover results with a neural network ~N —12
emulator (it works) O

 Embedded NN in the microphysics: maintains conservation with = ~15
series of checks Bin code is Different

than original model -18
-18 -15 -12 -9 —6

Gettelman et al 2021, JAMES TAU Bin



Improving results with Machine Learning

Stochastic collection

equation for warm rain in a

bulk scheme

Reduces rain rate for small

drop sizes but large LWP

Emulator reproduces this

Precipitation Frequency

liquid water path (g/m°)

(@)

MG2 Rain Rate

5

Control v. Observations and
Bin precipitation and ML Emulator.
Using stochastic collection from a bin scheme

improves large scale precipitation frequency in

shallow clouds

Gettelman et al 2021, JAMES
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Latest developments

* Ice Nucleation: especially mixed phase
e Evaluate CNT Treatment (Hoose et al 2010, ) v. empirical from data (DeMott et
al 2015, McCluskey et al 2018)
* Unified Ice/Snow: eliminate artificial separation
* Predicted Particle Properties (P3)-like
 Eidhammer et al 2016 (From Morrison and Milbrandt 2015)

* ‘Open up’ model structure: allow size distribution properties to vary,
and learn them from data

* Morrison et al (2020)



Open Source Code

e https://github.com/ESCOMP/pumas

e Used in different GCMs now
 CESM1/2 (and derivatives)
e GISS, DOE (E3SMv1), GFDL
* Single column container version for
development/tutorials
* Users contributing to development and

evaluation
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#0 trudeeidhammer added namelist changes ...

O O DO DO DO

Code (©) Issues 2

master ~ ¥ 17 branches © 29 tags Go to file

cesm_test_scripts
kid_mg3_31
README.md
micro_mg1_0.F90
micro_mg3_0.F90
micro_mg4_0.F90
micro_mg_data.F90

micro_mg_utils.F90

README.md

PUMAS

19 Pullrequests () Actions [ Projects

Updates to global script to get MG2 running
Setting up the PUMAS github repo with code ...
Updates to README.md to include PUMASDe...
Setting up the PUMAS github repo with code ...
changed nscng from - to + in dum statement
added namelist changes to micro_mg4

Setting up the PUMAS github repo with code ...

Andrews changes from cam6_2_014
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This repository contains the open source code for most versions of the Morrison-
Gettleman (MG) microphysics as well as the version which includes a unified ice
closure and is now called the Parameterization for Unified Microphysics Across

Scales, or PUMAS.

97b13fd on Jun 30,2020 ® 20 commits
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https://github.com/ESCOMP/pumas

* Machine learning/emulators
e Parameterization replacement
e Learning model structure (BOSS)

* Model-data fusion, using observations ., #= ===
* Crossing scales (LES--> Global)
* New modeling capabilities

for global km scale models

PRISM (4km)

* Scalable complexity
* Complexity varies by scale (e.g. hail)

* Be careful not to get eaten!




