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The Importance of Clouds
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The global annual mean energy budget of Earth for the approximate period
2000-2010. (Stephens et al. 2012)

Cloud albedo effect (shortwave): 47.5 £ 3 Wm-2

Greenhouse effect (longwave): 26.4 £ 4 Wm-2
Net loss of radiation from Earth by clouds: 21.1 £ 5 Wm-2
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The hydrological cycle. (Trenberth et al. 2007)

Cloud is the carrier of water.



The Complexity of Cloud Physics
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Schematic diagram of processes in the six-class, 2-moment
microphysics scheme of Seifert and Behang (2001). Figure
courtesy of Axel Seifert. (Gettelman et al. 2019)

Schematic illustration of microphysical processes within a
typical cumulonimbus cloud, highlighting the complexity
of microphysics in the atmosphere. (Morrison et al. 2020)
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—> With heating Cloud

. . A .
—> With cooling . / Ice —~—— CCl‘etlon/.
Freezing Autoconversion

GFDL current-generation model configurations

_— Melting  Accretion/ / T \ (Aggregation) \
(Eommenmnana——— == Freezing . >

Cloud Melting Deposition
Sublimation o —7 Snow
Water \ Condensation ¥ Accretion Deposition

Evaporation
. Water
Accretion  Melting Vapor

Accretion/

. Accretion/
Autoconversion

Autoconversion
(Aggregation)

Deposition
Sublimation

N /
Accretion/ :
€ Freezing == ol
Graupel

Evaporation

Melting

L]
Sedimentation Sedimentation

Zhou et al. 2019, Harris et al. 2020, Zhou et al. 2022

GFDL Microphysics for weather to
seasonal scale prediction

AM4-MG2

microphysics two-moment Morrison-Gettelman
with prognostic precipitation (MG2)
(Gettelman & Morrison, 2015)
mechanistic

(Ming et al., 2006, 2007)

°drop activation
ice nucleation dust and temperature-dependent
for prognostic ice number concentration

(Fan et al., 2019)

Guo et al. 2021, 2022

Revised MG2 Microphysics for seasonal to
climate prediction and simulation
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GFDL Microphysics Development at GFDL

GFDL MP vO (before 2015): HIRAM (Chen and Lin 2011, 2013)

* Completely rewrote from Lin MP from GFDL ZETAC

GFDL MP vl (2015-2017): split MP, tvGFS/GFS/GEFS/UFS (Zhou et al. 2019)
* Developed for weather and convective-scale predictions

GFDL MP v2 (2017-2019): inline MP, SHIELD 2020 (Harris et al. 2020)

* Fully inline microphysics, advanced dynamics-physics coupling

GFDL MP v3 (2019-present): SHIELD 2022 (Zhou et al. 2022)

* Advances in microphysics foundation and processes
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climate simulation (Chen and Lin 2011, 2013,
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GFDL MP for SHIELD Seamless Prediction
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Global 25km
~ Subseasonal-to-seasonal
A\ Prediction

Global 3km Contiguous US 3km
Global Storm-resolving Severe Weather Prediction
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SHIELD is an FV3-
powered system

See our real-time
SHIELD forecasts

Containerized
SHIELD

SHIiELD in a Box

SHIELD is a Unified Forecast System (UFS) prototype atmosphere
model showing the power of a unified prediction system across a variety
of time and space scales designed for a wide array of applications.
Homepage: https:/www.gfdl.noaa.gov/shield/ (Harris et al. 2020)

System for High-resolution prediction
on Earth-to-Local Domains

Configuration Use

SHIiELD Medium-range weather
prediction

C-SHIiELD Short-to-medium-range
contiguous US severe weather
prediction

T-SHIELD Medium-range Atlantic

tropical cyclone and hurricane

prediction

S-SHIELD Subseasonal-to-seasonal
prediction

X-SHIELD eXperimental DYAMOND-

class global storm-resolving
model (GSRM)

R-SHIELD Regional limited-area model
(LAM) configuration

Tele-SHIELD Short-to-medium-range
severe weather prediction,
urban-scale impacts, coastal
weather and hydrology, sub-
grid scale land-use variability

Domain

Global 13-km with 91
vertical levels

Global 13-km, 3-km
CONUS nest, 63
vertical levels

Global 13-km, 3.5-km
tropical Atlantic nest,
63 vertical levels

Global 25-km with 91
vertical levels

Global 3.25-km with
79 vertical levels

Regional 13, 3, or 1
km

Global 13-km, 4.3-km
first nest, 1.4-km
second nest for
Northeast Corridor
areas, 91 vertical
levels

Integration
Length

240 hours (10
days)

126 hours (5.25
days)

168 hours (7
days), hurricane
season only

30 to 90 days,
with up to 10
ensemble
members

40 days

54 hours

240 hours (10
days)


https://www.gfdl.noaa.gov/shield/

#1'Time Scales of Dynamics and Physics

Dynamical Core Physical Parameterizations
UM! Fast Fast Fast Fast + Slow Slow Slow Fast
IFS2 Fast Fast Fast + Slow Fast + Slow Fast Slow Fast
SHIELDS Fast Fast Intermediate | Intermediate Fast Slow Fast

t Walters et al. (2017) based on Met Office UM
2 Beljaars et al. (2018) based on ECMWEF IFS
3 Zhou and Harris (2022) based on GFDL SHIiELD

The concept of fast, intermediate, and
slow are relative within each model.



12 Thermodynamic Relationship

- FA SR Total Energy on Constant Volume
Dynamics: a Finite-Volume of moist air: gy

dry air + water vapor + liquid water + solid water TE,, = ¢,T + Lygy — Lqs + ® + K,

Cy = Cud qvCouv qiCul qsCys,

S e e e e e

I‘/: _______ (// i Heat Capacity Lv — L’UO — (va — C'ul) T07
i ! dry air: 1004.6/717.56 Li= Lo — (Cor — Cus) To.
| L water vapor: 1846/1410
: e hqu.'d g e Total Enthalpy on Constant Pressure
o R4 solid water: 2106
T TEq = cpgl + Lyogy — Logs + P + K,

Physics: dry air + water vapor
Emanuel (1994), Satoh (2003), Harrop et al. (2022)

Cy is moist heat capacity and includes dry air ¢4, water vapor cy, liquid water ¢y, and solid water cys.

Latent heat coefficients (partly merged into ¢, 7) are functions of temperature
derived from the Kirchhoft’s equation.



#3 Dynamical and Non-dynamical Processes

convective updrafts
sedimentation/precipitation
Dynamlcal / Orographic drag

< Processes turbulence

Non-Dynamical
Processes
— Parameterization

Dynamical processes, if resolved, should be taken care of by the dynamical core.
Especially when the model's resolution reaches a few kilometers or less and deep convective updrafts can be
explicitly represented.

— Dynamical Core

Physical

Parameterization




* In the completed integrated
framework

* the surface exchange, turbulent
diffusion, and orographic drag
are relatively fast processes
that would be moved from the
physics loop into the acoustic
loop.

* The convection and cloud and
precipitation are intermediate-
timescale processes that would
be moved from the physics
loop into the remapping loop.

Physics Main Remapping Acoustic

Lagrangian Forward

Radiation Dynamics SW Dynamics

Surface SHIELD Tracer Semi-Implicit
Exchange Physics Transport Solver
Turbulent Physics Vertical Backward

Diffusion Update Remapping Pressure

Convection . Convection
Orographic E Cloudand ; E Turbulent
Drag . Precipitation . ', Diffusion
Cloud and E Orographic
Precipitation : Drag

Proposed schematic of the integrated

dynamics-physics coupling framework in
SHIiELD — Zhou and Harris (2022)
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First successful example: moved the GFDL cloud microphysics into the FV3 dynamical core
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IMP yields significantly higher skill and lower error than the SMP in many meteorological fields.
Geopotential height, temperature, wind, specific humidity, cloud et al.




SHIiELD Predictions with GFDL MP and Integrated Coupling
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Major Updates in GFDL MP v3: #1 Code Reorganization
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Major Updates in GFDL MP v3: #2 Particle Size Distribution

Gamma Particle Size Distribution (PSD) for all cloud categories

O Mono-dispersed for cloud water and cloud ice n (D) = ngD" ' exp (—A\D)

O Number concentrations are prescribed as constants

O Effective radii are diagnosed inconsistently Other quantities are derived naturally

> nol’
N=[ n(D)dD = OM(“),
O Cloud water doesn’t fall 0
5 ;" D*n(D)dD  pu+2
. . . F = =
O Cloud ice fall speed is diagnosed by temperature “* = < D2y (DY dD \
T [ ol (1 + 2)
= — D?*n (D)dD = ,
5 9 0 ( ) I\Ht2
- o= "2 [ D2y (Dyap mponol (u3+ 3)7
The Intercept Parameter (n,, Unit: m=*), Spectral Shape Parameter (u, Unit: 1), Density of Hydrometeor Category (p/, 0 P Jo § ,0)\'“ +
Unit: kg m=3), Parameter o (Unit: m'=" s=!) and B for Each Hydrometeor Category of the GFDL MP v3 o0 nOF ( " 1+ 6)
6
Cloud water Cloud ice Rain Snow Graupel Hail Z = D"n (D ) dD = \H+6 :
0
1, 1.2 x 10% 1.1 x10'8 8 x 106 3 x 108 4 x 108 4 x 10*
U 11 3.445 1 1 1 1
p’ 1 x10° 9.17 x 102 1 x10° 1 x 102 4 x 10? 9.17 x 102 . .« o . .
' o . o » . e Terminal velocities are also derived using PSD
p 2 0.8 0.25 0.5 0.5 V = ozDB,
D 10-20 20-300 20-20,000 300-20,000 300-20,000 300-20,000 o 5
v 0-0.01 0-1 0-12 0-2 0-12 0-12 V. Jo VD’n(D)dD _al'(p+pB+3)
M PR— —_—
Note. The valid ranges of effective diameter (D, unit: X 10~° m) and terminal velocity (V, unit: m s~!) are at the bottom f OOO D 3n (D) dD )\B r ( v + 3) ’

of this table. Parameters n, and u for cloud water, cloud ice, rain, snow, and graupel or hail are derived based on Martin
et al. (1994), Fu (1996), Marshall and Palmer (1948), Gunn and Marshall (1958), and Houze et al. (1979) or Federer and
Waldvogel (1975), respectively. Parameters a and f for cloud water, cloud ice, rain, snow, and graupel or hail follow Ikawa and
Saito (1991), McFarquhar et al. (2015), Liu and Orville (1969), Straka (2009), and Pruppacher and Klett (2010), respectively. Zhou et al. (2022)



Major Updates in GFDL MP v3: #3 Microphysical Processes

Accretion (v2): Accretion (v3):

Feacy = AN3+Ba

ﬂ-EazynwOOQIJQyF (3 + Baz) (;00 ) t/2
P

F(Nm)r(ﬂy‘|‘5)+F(ﬂx+2)r(ﬂy+3)_|_2F(Nx‘|‘1)r(ﬂy+4)
AH= A8 Ab= T2\l Ab= AL

_Exynxonyo \/(an — 5Vy)2 -+ ")/vayl;y

Pacacy — 7T2Eacyna:0ny0 ’V:c — Vy‘ ( + +
p \ A0 T A3AL T 2y

-y

Evaporation, Sublimation, Deposition (v2):

2m (S )

Evaporation, Sublimation, Deposition (v3):

2m (S — 1) nol" (1 + 1)

Posp = A1 B) A Pesp =y ) wn
o 1/2T ( ) /4 o'/2T (,LL—F—B—'_B) /4yt
Vi =0.78 4+ 0.315Y/3,71/2 ( ) A’ Vi =0.78 4+ 0.318}/3p~1/2 AR ( ) Y
p 1
2
Melting (v2): Melting (v3):
2T n 27 nol (1 + 1)
Pmelt — L [K T pr( Q)] 22 Vf Prielr = ,OL [K 1. — pr( Q)] VS Vf
Rain Freezing (v2): Rain Freezing (v3):
_ 902, Pw P Yy 11\ T T pu gy / I' (1 +6)
Py = 20mng p B'exp|A" (Ty —T) — 1] A P,s = 36110 , B'exp A" (Ty —T) — 1] VR




Major Updates in GFDL MP v3: ##4 Aerosol-baed CDNC

Cloud water to rain autoconversion (Manton and Cotton 1977):

0.104g E .. p*"?

q"H (q—q.),

aut —
o(Np")'>
g = &ﬂnp’Rg.
p 3

Here, £, . = 0.5 is the collection efficiency,
v =1.717 x 10™ m? s~ is the dynamic viscosity of air,

N. (m™%)isthe CDNC,R. = 10 x 107 mand g, (kg kg™
are the critical mean cloud droplet radius and the mass mixing
ratio respectively, and H is the Heaviside unit step function.

The species of sulfate, which is a subset of MERRA2 aerosol, is
converted to CDNC using Boucher and Lohmann (1995)’s
formula:

-

>0.257

10%24(10° pqa x 10° land,

N, =1

0.480
) X 10° ocean.

10206 ( 109pqa

.

Here, g, (kg kg™!) is the mass specific ratio of sulfate aerosol
from MERRA2.
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(a) Surface CDNC (cm™*) (c) CDNC Vertical Profile
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Figure 3. Geographic distribution of (a) surface climatological cloud droplet number concentration (CDNC) (cm~?) calculated from Modern-Era Retrospective analysis
for Research and Applications, version 2 (MERRA?2), (b) the difference between the CDNC from MERRA?2 and the fixed CDNC values used in the GFDL MP v2.
Panel (c) is the vertical profiles of climatological CDNC from MERRAZ2 (solid) and fixed CDNC values used in the Geophysical Fluid Dynamics Laboratory cloud
microphysics scheme (GFDL MP) v2 (dashed). Panel (d) is the seasonal cycle of climatological surface CDNC from MERRA?2 (solid) and fixed CDNC values used

in the GFDL MP v2 (dashed). Red lines represent CDNC in the land area, blue lines represent CDNC over the ocean. The shaded area is its standard deviation. The
numbers in panels (a and b) are the global maximum, minimum, land mean, and ocean means of CDNC.

Zhou et al. (2022)
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Cloud Fraction Prediction: Sensitivity of PSD and Aerosol-based CDNC

High Cloud Fraction

(a) RMSE
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* New PSD improves low and total cloud fraction prediction

* New CDNC improves middle and high cloud fraction prediction

* New PSD + new CDNC improves low, middle, and high cloud fraction

prediction.
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Table 2
List of Experiments in This Study
Experiment New PSD? New CDNC" GFDL MP
CTRL v3
CPSD X v3
AERO X v3
CPSD_AERO X X V3

aigamma distribution for cloud water and exponential distribution for cloud
ice. "CDNC are calculated from climatological aerosol.

Zhou et al. (2022)
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Height and Temperature Prediction: Sensitivity of Aerosol-based CDNC

(d) Seasonal Cycle of Surface CDNC
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Table 2
List of Experiments in This Study
Experiment New PSD? New CDNCP GFDL MP
CTRL 3
AERO X v3

agamma distribution for cloud water and exponential distribution for cloud
ice. "CDNC are calculated from climatological aerosol.

Zhou et al. (2022)

* New CDNC significantly improves H500 and T700 prediction in the first 3 days for all seasons.



Application of GFDL Microphysics in Variable-resolution SHiELD

(a) Uniform Grid, max = 14.44, min = 9.51
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High-resolution CONUS, 4-45 km SHiELD
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®* High-resolution enables convective-scale prediction

®* GFDL Microphysics is capable of predicting intense
precipitation, and it handles the diurnal cycle well
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GFDL Storm-resolving Model X-SHIELD
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Harris et al. (2023)

Year-long global storm prediction:
®* More cyclonic rotations appear farther away from the equator
®* More rotations are in the subtropics & mid-latitudes in intense updrafts
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Cheng et al. (2022)

In warmmg scenario:

®* The annual occurrence of intense convection increases by 21%
®* The most extreme vertical velocities increase by about 20%

* The ocean becomes more favorable for intense convection

o

Intense continental convection moves poleward



Microphysics Development for C-SHIELD
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Microphysics Development for C-SHIELD

Inline GFDL MP Inline GFDL MP + Saturation Adjustment
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Microphysics Development for C-SHIELD

Split GFDL MP Inline GFDL MP Inline GFDL MP + Saturation Adjustment
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