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FV3: The GFDL Finite-Volume
Cubed-Sphere Dynamical Core

Lin & Rood 1997
FV horizontal solver focusing

1 on nonlinear vorticity
Lin & Rood 1996 - _ dynamics
Efficient 2D high-order el —
conservative FV transport

/FV3 for the 2020s

Rigorous Thermodynamics

Flexible dynamics

Adaptable physics interface

Variable-resolution techniques

Regional & periodic domains

Powerful initialization, DA,
\ and nudgingfunctions

Harris & Lin 2013, 2016
Variable resolution with two-way
nesting and Schmidt grid

stretching

Lin 2006, XChen & Lin et al
2013 Consistent Lagrangian
nonhydrostatic dynamics

The FV3 Way

» Physical consistency

» Fully-FV numerics

» Component coupling

» Computational efficiency

Lin 1997 Efficient,
.. mimeticFV PGF

Lin 1998-2004 FV core with “floating”
Lagrangian vertical coordinate

Putman & Lin 2007
Scalable cubed-sphere grid,
doubly-periodicdomain



FV Advection

Lin and Rood Advection

« "Reverse-engineered” forward-in-time
2D scheme constructed from 1D PPM
operators

e« Mass-conservative Monotonic Advection Positive-Definite Advection

« Correlation-preserving for monotonic limiter .
84
« Cancels splitting error

o 72|
» Separate Courant numberlimitinx andy

« Upwinding preserves hyperbolicity and causality o0}

. . 48! < {|{0.0
» All quasi-horizontal processes, except

PGF, can be represented as advection )

24

12} -

« Highly adaptable: Positive-definite _
N : > -1.5
tracer advection greatly Improves 0 20 40 60 80 100 120 O 20 40 60 80 100 120

hurricane structure Axisymmetric 5-km W in Hurricane Irma
Harris et al. (2020) JAMES ; K Gao etal., in prep.




I Nonhydrostatic Lagrangian Dynamics

for cosz calculations: nswr,deltim,deltsw,dtswh = 10
180.000000000000 1800 .00000000000 0.500000000000000
anginc,nstp = 1.308996938995747E-002 11 . . . . .
2016 8 4 5 0 0
5 e e | e « Semi-implicit solver extends FV Lagrangian
PS max = 1054 .338 min = 441.9276

Mean specific humidity (mg/kg) above 75 mb=  3.994439 (:i . . . .
s it (0 58 m t hydrostat m
rean iy sotate prossure 2 953 2308 ynamics into nonnyarostaticregime
Total Water Vapor (kg/m**2) = 26.56078
Micro Phys water substances (kg/m**2)

%(;al cloud water= 6.7240514E-02 B i NH SOlver iS a ru ntime SWitCh

Total rain water= 2.4596382E-02

Total cloud ice = 3.9533786E-02

Total snow = 2.1293228E-02 . . . . . . .

pacEa o dbmee * Vertical motion is entirely implicit.

TE ( Jogle/TAZ * E9) 2 . 2.631335 ) o , . . . .
e w1255 e 1 s * No courantnumber restriction on vertical velocity.

W max = 37.20443 _mip = -10.95220

“\\)g; T * No explicit calculation of vertical transport

2. .£0121

iiiizi o e - Greatly improved numerical efficiency

OM max = 94.72382 min = 140.0013
ZTOP 40.88114 34.03699 39.23885

_ . I _ . . .
S o datsoas | nin = .26 FV3 uses a mass- and geopotential-conserving
fv_GFS Z500 5696.136 5786.775 5447.827 5867.303
Cloud_top_P (mb) max = 1.0000000E+10 min = 52.47940

St e G030 6 s cubic-spline vertical remapping to remap to

3.25-km X-SHIiELD: remapdt =36 s reference coordinate
- vertical courant number =[-10.9,9.36]



I Vorticity Dynamics

Fluids are strongly vortical at all scales.
Nearly all intense, long-lived
geophysical phenomena are vortical in
nature.

FV3's discretization and vector-invariant
governing equations emphasizes
vorticity: absolute and SW potential
vorticity, and updraft helicity, are
advected as scalars
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I Vorticity Dynamics :

« Hybrid C-D grid acts as simplified
Riemann solver, permitting
accurate computation of both
vorticity and advective velocities

« Bonus: divergent modes have no
implicit dissipation

* Nonlinear vorticity dynamics and
mimetic PGF improve
representations of small-scale
severe weather and hurricane
processes

Courtesy S. Nebuda and J. Otkin, SSEC/UWisc



The Cubed-Sphere Grid
and Arbitrary Grid Domains

FV3 uses a global cubed-sphere grid or any arbitrary regular non-orthogonal quadrilateral grid
This permits Schmidt-stretched grids, two-way nested grids, and uniform regional domains
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Max=3.0, Min=2.98, Avg=2.99

Extended Schmidt gnomonic grid

Regional-Domain Grid-cell Width

Max=3.21, Min=2.73, Ayg=3:02

Ordinary gnomonic grid

Courtesy Jim Purser and
Chan-Hoo Jeon (NCEP/EMC)



High-resolution domainsin FV3

60-90 second

Two-way Interaction
Continual interaction on stretched grid

Global-to-regional Refinement
(two-way nesting, or stretching)

Consistent, rapid interaction
Improved BCs

Large-scale interaction (great for TCs)
Enables medium-range/S2S
convective-scale prediction

/ GFDL Experimental fvGFS: Ice and Liquid Water Path [kg/m**2]

Init: 00z May 22 2017 Fcst Hour: 040 valid at 16z Tue, May 23

Three-hour
BC Update Frequency

sphum =58 Forecast time 84 hr

specific humidity Valid time: 2018-04-21T12:00:00
= Too —

Tom Black, EMC R

Limited-Area Regional Model \

Low computational overhead:
|deal for resource-limited users
Simple and easy for short-term

Good for extremely high resolutions
LES, urban-scale, Warn-on-Forecast

(3-km is not the end)




I Rigorous Thermodynamics and
Physics-Dynamics Coupling

* Mass in FV3 includes water vapor ~ * The GFDL microphysicsis

and all condensates. Condensate directly in-lined within FV3 and
loading and moist-mass effects takes advantage of the numerics

baked-in  Implicit Lagrangian sedimentation

 Subgrid variability for fractional
autoconversion

* FV3 incorporatesthe heat content  Sedimentation transports
of water vapor and condensates momentum and the heat of tracers
« Consistent masses and energetics
with dynamics.

J-H Chen and Lin, 2013 JClim
Harris et al. 2020, JAMES
Courtesy S-J Lin and Linjiong Zhou

» Physicstendencies are tricky however



Rethinking Physics-Dynamics Coupling

« Moving modeling forward requires breaking the strict separation of physics
and dynamics.

* Partially-resolved and fast processes can be integrated directly into FV3 for
better dynamical consistency, energy conservation, and efficiency

) =
Slow ‘ Intermediate ~/ 8 Fast
Processes Processes \—"\\ Processes
iq T
Para. Update Tracers Update Prog. Vars. Update
- Radiation
- Cloud MP In-line GFDL MP
- Pollutant Source/Sink ( )
- Sub-Grid-Orog. effects Integrated dust prediction and
_PBL etc. improved FV3 Energetics

Thanks Xi Chen + Yuan Ma



Applications of FV3
i



: ithub.com/NOAA-GFDL/GFDL_atm bed_spher
The Global FV3 Communlty ' Irhnee Smos-cibecspnere

GEQOS, DAS, MERRA(2)
Ames Mars GCM GEOS Chem
GEOS-Chem High-Performance

AM4 CM4 ESM4
SHIELD SPEAR

\ CAM-FV
CAM-FV3

WEATHe
v
< " NCAR
-_— M GFSv15v16 GEFSv12
(=] =) MRW SRW HAFS ...
v S
éd' 3‘3
*x S * LASG FAMIL
@ I { E s E AI !C I I Chrese Academy of Sciences
g NATIONAL OCEANIC & ATMOSPHERIC ADMINISTRATION

Taiwan Central Weather Bureau

CWBGFS




The GFDL Fourth-Generation Unified Modeling Suite

SHIELD SPEAR CM4 ESM4

Weather; Subseasonal Seasonal to Decadal Decades to Centuries Decades to Centuries
to Seasonal (S2S) (S2D) Climate processes Climate composition
: Climate Scale Physics ' Climate Scale Physics : Climate Scale Physics
Simplified Aerosol Simplified Aerosol Fully Interactive
' . Chemistry : Chemistry : :  Atmos. Chemistry
1 Global uniform/Nested/Stretched : *tnmssssssisnrnnsassse s »._..._.._.._..._.._.._..._.._.._..._.._.._..._.._.._._" .........................................
: Grids _ i ' 100/50/25 km horizontal ! | 100/50/25 km horizontal I 400km horizontal !
: 3-25 g?gfgiﬁ?é:'l Ir::;l:tlons : 1 resolutions : resolutions ' : resolutions
- I i ]

33-63 vertical levels

e o o

1
1 1
\I 33 vertical levels |/ 49 vertical levels u

Mixed-Layer
Ocean

L 1/2 degree horizontal resolution
75 vertical layers

1 degree horizontal resolution ! 1/4 degree horizontal resolution !

N OAH 75 vertical layers - 25_Vfl’£ic_€=1|_|a_yliri o -:j
Land model

All models use the Flexible Modeling System (FMS) framework
and are part of the Unified Forecast System



SHIELD

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

C384: 25km
Subseasonal-to-seasonal Prediction

3km (and higher)
Regional Storm Prediction
|dealized Test

C768r15n3: 20-3km
Severe Weather Prediction

C768: 13km

Global Weather Prediction '

C768n4: 13-3km
Tropical Cyclone/MJO Prediction

C3072: 3km
Global Cloud-resolving Simulatio

Courtesy of Linjiong Zhou, Kun Gao, and Kai-Yuan Cheng



13-km SHIEL

2016

Tuned NGGPS
GFS Physics

2017

GFDL Cloud Physics
EMC SA-SAS

D Evolution

2018
Inline GFDL MP
Pos-Def Advection
YSU Turbulence
Mixed-layer Ocean

2019

Updated FV3
Revised GFDL MP
URI-GFDL Sea State

2020
Overhauled GFDL MP
New cloud-radiation
UW-EMC TKE-EDMF

/..-»"" e -8~ MODEL/GFS -8~ MODEL/GFS
18 4 #—- MODEL/SHIELD2018 #~ MODEL/SHIELD2019
Tropical .
Precipitation
vs. TRMM 161
25-km data 15 ] —e— MODEL/GFS | —e— MODEL/GFS
~&~ MODEL/SHIELD2016 “ ~&~ MODEL/SHIELD2017 . o
RMSE: CONUS, 13km RMSE: CONUS, 13km RMSE: CONUS, 13km RMSE: CONUS, 13km
15 4 { —&— MODEL/GFS -~ MODEL/GFS
&~ MODEL/SHIELD2017 ° ®- MODEL/SHIELD2018
14 4
CONUS 13 4
Precipitation 12 4
VS. Y, 11
S Stage -8~ MODEL/GFS -8~ MODEL/GFS
10 4 ®- MODEL/SHIELD2016 1 . ®- MODEL/SHIELD2019
1 2 3 45 6 7 8 910 12 3 45 6 7 8 910 12 3 45 6 7 8 910 1 2 3 4 5 6 7 8 9 10

Forecast Days

Forecast Days

Forecast Days

RMSE: Lower is Better

Forecast Days

Courtesy Linjiong Zhou; Harris et al, 2020, JAMES



| SHIELD Hurricane

Atlantic Track Model Error

300:
?®t |—GFS.vs.15
_ L | —HWRF
E2sf |—ECMWF
T2 |— UKMET :
u?j 175 — GFDL SHIiELD

24 48 72 %
Forecast Hour
NUM OF CASES 119 87 61 4

Results as of 00Z 14 September

120

24

WARNING

racks

Y-axis squashed to
match other plots

Season still ongoing

See shield.gfdl.noaa.gov
for real-time forecasts

Skill subject to change

Eastern Pacific
Track Model Error

2755 |— GFS.vs.15
250 8 ~— HWRF

2251 — ECMWF
2000 — |=— UKMET :
175[ — GFDL SHIiELD

150

125
100
75[

50[
25 F==

0 24 48 72 96 120

Forecast Hour
CASES 64 43 28 17 11

Western Pacific
Track Model Error

200
175 [ — GFS.vs.15
E |— HWRF
150 — ECMWF
E — UKMET
== — GFDL SHIELD

100 [
75 [

50 [

24 a8 72 o6 120

Forecast Hour
* CASES 57 39 26 17 10

Courtesy Kun Gao & Morris Bender



T-SHIELD

| SHIiELD & T-SHIELD Intensity

T-SHIiELD:3-km Two-way Nest
("HAFS-B” is similar)

Atlantic Model Intensity Error Atlantic Model Intensity Bias
. s
- [~ HWRF
R GFDL SHIELD ®
g #| |=—GFDL 3km T-SHIELD =
£ | |—AOML 3km HAFB g
8 2o 2
w o @
2 | >
g | £ vERI—HWRF
e I c ~=GFDL SHIELD
guo' § ~— GFDL 3km T-SHIELD
_ ~— AOML 3km HAFB
. 24 48 72 %6 120 N ~ - = % 120
Forecast Hour Forecast Hour
NUM OF CASES 143 108 76 51 b NUMOF CASES 1) 10N 76 s N

Courtesy Kun Gao, Andy Hazelton, and Morris Bender



I Vertical Resolution and Vertical Nesting

SHIELD uses 91 levels while T-SHIELD

uses only 63. May be limiting
representation of shear distorting
hurricane vortices.

Vertical nesting: increase T-SHIELD
to 79 levels on the nest only. Runtime
increases by only 5%.

2 12% lower track error at day 5.

Also investigating role of interactions
with topography.

COMPARISON of GFDL MODELS vs. GFS
HURRICANES ALO07-AL14

300
275

_—
£ 225
c

b

e =
- 175:

T 200

4 1503

{— GESwvs:i5

050l 79 Level 3km T-SHIELD (T20H)
i~ 2020 T-SHIELD (T20F)

H=— 2019 SHIiELD

| | |

24

NUM. OF CASES 111
% IMP. T20H/T20F 3%

48 72 96 120

Forecast Hour
84 59 37 22
5% 7% 6% 12%

Courtesy Kun Gao & Morris Bender



Better forecasts? Better ICs!

North Atlantic Basin, 2017 Season
oo GFS SHIELD TC Track Error

oo IFS
3001 o-@ fVGFS_GFSIC
®—® fVGFS_IFSIC

350

90°N

(a) all AMSU-A obs passed data thinning w/o QC

250+

200}

150+

Track Error (km)

100+

50+

120°E 180°

0

12h  24h  36h _ 48h _ 60h _ 72h _ 84h _ 96h  108h  120h
#cases (175) (171) (166) (162) (143) (135) (127) (110) (100)  (94)

Collaborati h ECMWE DA in FV3-based GFSv15 prototype
ollaborations wit New radiances availablefor assimilation
> J-H Chen etal.2019, GRL

from high-impact areas in all-sky data
» Magnusson et al. 2019, QJ

. L . assimilation
» Ongoing Dimosic Project M Tong et al. 2020, MWR



Integrated Physics: s
In-Line Dust & Smoke -

Dust emission in-line with

1000 950 900 850

FV3 advection P [hPa}
Wet deposition and ! — IS | -
. 0.0 1.5 3.0 4.5 6.0 7.5 9.0
prog nostic d ro p num ber can surface dust concentration kg/m3 le-7
be implemented within in- ! | | R —-

. 0.0 15 3.0 4.5 6.0 7.5 9.0
| ne G FD I_ M P dust mixing ratio kg/kg le—7

Courtesy Xi Chen and Paul Ginoux



I Seamless Modeling:
Vorticity Dynamics

80°N

40°N

OO_ =

40°5 -

80°S - -
-0.1 0.0 0.1 0.2

Zonal-mean
wind stress:
CM2.0 vs. CM2.1

23

200 ;f¢%~

400 -

600 Z (ﬁ

800 -

1000 —

1500 > —

2500 ::> “‘h“%‘27*'\\”“=\\\7
0 GFDL CMZ2.0: B-Grid Core
4500 —

‘(@) CM2.0 <\
5500 : \

1500 >
Te——n
2500

s GFDLCM2.1:FV

4500
- (b)CM2.1 x
5500 T

T T T T T I
50 100 150 200
BT [ [ Te——

25 -2 -15 -1 05 0 05 1 15 2 25

|
250

Global-mean Ocean Temp diff.
(K) in control-climate integrations

Delworth et al. 2006 JClim

300

Hourly-Maximum
column-max w (m's")

Hourly-Maximum
UH (w x {, m?s2)

verona_IPDv4_sfe_final-alh
20170822.12Z.c768r10n4_Atlantic_3km_nostretch_ne
w.nh.32bit.non-mono.sacnv_sediheatoff

2017-08-25 12:00:00 to 2017-08-27 12:00:00

] N

L 1L P

C-SHIELD (3-km
US nest)
Oklahoma severe
weather

16 May 2017

Harris et al.
2019, JAMES

T-SHIELD (3-km
Atlantic nest)
48-hour max

Updraft Helicity

Initialized 00Z
22 August

Hazelton et al. 2018b

[T D | /eo Forecasting

10 25 50 75 100 150 200 250
Accumulated Hourly-maximum 2--5 km updraft helicity (m**2/s**2)

300 50

0



I Seamless Modeling: Orographic Precipitation

StagelV Precipitation
(Radar Obs) c768 13-km SHIELD (forecasts)

Relevant mountain features
captured even at 25-km
resolution become very well-
represented at 4-km.

—
b
—
b

Too much drizzle due to SAS

T T . . —g= T .
c384 25km HiRAM c768r3 4-km shallow convection.
(AM4-like, AMIP) stretched SHIELD (forecasts)
42.0°N (b) Stretched Grid C768r3 max = 43.32, min = 3.9
90N L ‘ | B
41.0°N 3;
60N 296
40.0°N B
30N ;
39.0°N
0
38.0°N ‘
T 30
37.0°N
. ‘ 60S
36.0°N : t“'f ~I! - “ ! i
90s ‘ — — : — "
110.0°W 108.0°W 106.0°W 104.0°W 102.0°W 0.0°W 108.0°W 106.0°W 104.0°W  102.0°W 180 150W 120W 90W 60W 30W O  30E 60E 90E 120E 150E 180

Courtesy Baogiang Xiang Precip Grid-cell Width in Stretched Grid: Zhou et al. 2018, BAMS
and L/njlong Zhou 0.6 1.2 1.8 2.4 3 3.6 4.2 4.8 [mm/d]




Seamlessness in the GFDL Modeling Suite:
The Madden-Julian Oscillation

CMIP Earth-System Models

(d) OLR (AM4 0 AMIP)

P

100 150 200 250 300 350
¢) OLR (AM4.0 Coupled)

CM4 Coupled Climate Model

100-km AM4 Atmosphere
(C96 FV3 + GFDL Climate Physics)

v
K4

+ 25-km MOMé6 + LM4 ' M, ‘
Even at 100-km good MJO | J g
propagation is found...if i S ——

(f) OLR (NOAA AVHRR)

coupled to an ocean

Zhao etal. 2018a,b

100 150 200 250 300 350

S2S & S2D Prediction Models

Observations

25-km S-SHIELD
Atmos. w/ MLO

50-km SPEAR
MOMé6-Coupled S2D |

-20 T T T ? T
30E 60E 90E 120E 150E 180 150W

Courtesy Baogiang Xiang



Seamlessness in the GFDL Modeling Suite:
MJO Prediction Skill

25-km S-SHIELD 4-km nested T-SHIELD |

10 1.0 - ESE=S
0.9 TR 0.9 - ' — ce40 |
g --- No MLO g — (C640n4
g 08 s $0.8 _ ]
2 0.6} 8 o6l | | i |
S - S
° 0> 20 Days & 05 —
5 ** RMM ACC for DYNAMO : 04l 28 Deye
“o03 (2011-12) 8 3 RMM ACC for 34
0.2 o phase 3 &4 cases durmg DYNAI\/IO
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 0.2
Lead time (day) 0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Harris et al. 2020, JAMES Lead time (day) Courtesy Kun Gao
Mixed-layer ocean adds 8 days of 4-km Maritime Continent Two-Way Nest
- improves predictability and propagation of MJO
useful skill b ¥ y and propag

compared to 16-km uniform



X-SHIELD

3.25-km (C3072) GCRM
seamlessly integrated with
other GFDL models

Partnering with Vulcan, Inc

and the University of )
Washington to build a VULCAN
hybrid ML model to emulate

X-SHIELD in a cheap low- A
resolution model w

Courtesy S-J Lin, Xi Chen, and Linjiong Zhou



X-SHIELD Performance

X-SHIiELD C3072 L79

¢ X-SHIiELD is efficient but still too Gaea c4 13482 CPUs 75 min/day
slow for everyday use. Orion(MSU) 12288 CPUs 68 min/day

* Previous NASA Goddard port of Courtesy PIGHE RS | SS T eRy
FV3to CUDA found |arge Rusty Benson 36864 CPUs 26 min/day
speedups, but very labor-intensive (Timing does not include I/O)

* Public-Private-Academic
Partnership to port FV3 and GFS 'k‘ GrldTOOIS
Physics into GridTools DSL through ¢, oscs
GT4Py &P iz

Goal: Practical 1-km global model E""ZU"/Ch

VULCAN w



\

Process-study framework for
Physics-Dynamics Interactions

/I\/Iultiple, Telescoping,

-
Moving, and Floating Nests st b
AOML-GFDL-EMC EEEE : -
MeRETapnei st
cEBssommE=ccS s
(8 AT
ISnSTISNS. PaEs
i "4‘31‘—;‘ +H BE 1 i
RN
\ ZhiE ] Xuejin Zhang AOM%
| Lo //

U-wmd 120 Hrs GW

-50 0
latitude

Deep atmosphere for
Space Weather and
Whole Atmosphere

EMC-GFDL-SWPC

50 Valery Yudin

CU/SWPC

4

X.Chen etal 2013, 2018, 2020

Li and X. Chen 2019

LMARS Simplified Riemann Solver

Unified Physics & Dynamics

Coming
Attractions

a1/ u (Tkg™") 12015-10-01 0000UTC

° Dan Holdaway, GSFC ‘ -1

—?10 -100 =90 —80 —70 -60 =50 —40

\ FV3 Adjoint: NASA Goddard/




www.gfdl.noaa.gov/fv3

shield.gfdl.noaa.gov
github.com/NOAA-GFDL/GFDL_atmos_cubed_sphere

Al

THE WEATHER MASTER §

How Shian-Jiann Lin’s atmospheric grids could unify
weather forecasts and climate models

By Paul Voosen X Mingjing - OAA Affiliate

|
—1
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X Jan- -Huey Chen - NOAA Affiliate N James Huff-l\éAAAfﬂliate X Spencer Clark= N@X

A

X Baogiang Xiang - NOAA"Affiliate N " Kai-Yuan Cheng - NOAA'Affiliate ¥ “Joseph Moﬁallem - NOAATAffiliate . Alex Kal\tenbaugh NOAA Affiliate






C-SHIELD
Severe Storm Forecasts

HRRRv4

* Leverages advances from other SHIELD
configurations

e Revised diffusion and shallow convection,
updated GFDL microphysicsand PBL

* Submitted to 2020 Spring Forecasting
Experiment atthe NOAA Hazardous
Weather Testbed in Norman, OK

« Received high marks for pre-storm
environmentand cold pools

« FV3-NSSL(diff. MP, PBL, LSM) does very well
with storm structure every year

 Further evaluation is forthcoming
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