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

Lin & Rood 1997
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The FV3 community Many Models

Many Applications

CESM Framework One flexible dynamical core
CAM-FV

CAM-FV3

NEMS Framework
FV3-powered GFS, GEFS, CFS, WAM
HAFS, UFS, RRFS
FV3-based regional model
for HREF, Warn-on-Forecast

FMS Framework
AM/CM/ESM 2/3/4
HiRAM, FLOR, HiFLOR, SPEAR
fvGFS

GEOS Chem
GEOS-Chem High-Performance

LASG FAMIL
GMAO Framework
GEOS, DAS, MMF, MERRA(Z) el Chinese Academy of Sciences
GISS Model E TR e

Ames Mars model _ o
TaiESM; CWB prediction model



GFDL Unified Modeling

Models for prediction, projection, and research at all scales
* FV3: GFDL Finite-Volume Cubed-Sphere Dynamical Core

* Not a model, a dynamical core...for now

FMS: GFDL Flexible Modeling System

* Elegant and powerful framework and library for component coupling and model utilities
* Fits nicely inside of NEMS, CESM, GEQOS, etc.

AMA4: GFDL's CMIP6 Atmosphere Model
CM4/ESMA4: GFDL's CMIP6 Coupled-Climate Models

GFDL Physics Suite and
HiIRAM: High-Resolution Atmosphere Model for S2S prediction LM4 Land Model

FLOR/SPEAR: Coupled models and ODA systems for S2S and S2D prediction

fvGFS: GFDL's Experimental NGGPS implementation

* 3-km nested cfvGFS: CONUS nest for continental convection MOdéf'sngFSLthsl'\‘;ls ZU'Ite
¢ 3-km nested hfvGFS: North Atlantic nest for hurricanes ail SRVICHE




DYAMOND

Weather @ Climate

* International global cloud-
resolving model inter-

comparison
Including NICAM, ICON, UKMO, GEOS, ARPEGE-NH

e 40-day fvGFS runs

e 3-km ¢3072, 79 layers
* Also 6.5-km c1536, 91 layers

* GFDL MP, no convective
parameterization, new SGO

* Evaluating climate (energy
balance, circulation) as well as
variability and weather events

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

www.gfdl.noaa.gov/visualizations-mesoscale-dynamics/



High-Resolution Modeling

LImItEd Area MOdEI - o Zﬁ‘é???!i;’im.w Va..dvmie:205%532?5‘1%5545‘5
Simple, cheap, and easy for short-term forecasts S =
Good for extremely high resolutions (urban scale, LES)
Boundary errors creep in within a few days
BCs may differ greatly from regional model
No feedback to large scale—trouble for hurricanes

Three-hour
BC Update Frequency

Tom Black, EMC

Uniform-resolution Global Model
No boundaries!
Globally consistent solution

Too expensive to be practical without lowering the resolution
* 3-km DYAMOND: 10K core-hours/day on Gaea c4

Solution: grid refinement of a global model!




Stretched grid

The simple, easy way to achieve grid refinement

* Analytic Schmidt deformation
e Grids can be created in seconds

* Smooth: No abrupt refinement!
* Single domain: works in existing models

* Requires “compromise” tuning between
coarse and fine regions
* A good scale-aware scheme can help here

* Does coarsen opposing side, and more
stretching reduces size of refined area




Stretched fvGFS: CONUS Precipitation PDFs

(a) 0-6 hr (b) 0-12 hr (c) 0-1day (d) 0 - 3 day

“0 1 2 3 40 1 2 30 1 2 0 05 1 15

PRE (100 mm day ') PRE (100 mm day ') PRE (100 mm day ') PRE (100 mm day ')

StagelV Observations (bottom of shaded)

13-km fvGFS (old GFS MP)
13-km fvGFS (GFDL MP)
4-km stretched fvGFS

Value added by convective-
scale simulation: much improved
heavy and intense precipitation

Zhou et al, in revision at BAMS



Stretched fvGFS: Storm structures

Squall Line MCS Hurricane Harvey
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Super-stretched global model

* ¢512r20: a global model refined to 1 km!!
e Solo FV3 coupled to warm-rain GFDL MP

* |dealized supercell test with Mike Toy’s
semicircle hodograph
- “tornado-like vortices”?

http://www.qafdl.noaa.gov/visualizations-mesoscale-dynamics



http://www.gfdl.noaa.gov/visualizations-mesoscale-dynamics

Two-Way grid nesting

e Simultaneous coupled, consistent
global and regional solution

* No waiting for a regional prediction!

* Different grids permit different
parameterizations and timesteps

 Flexible! Great possibilities for
combining nesting and stretching

* Moving nests under development

* Does require extra infrastructure and
code for nesting implementation.



Nested-grid
Boundary Conditions

* Boundary conditions for all variables (including tracers) are linearly
interpolated into the boundary haloes of the nest.

e Correct upwind BCs “baked in” by FV3’s upwind-biased fluxes

* BC data refreshed usually every physics timestep
* BCs stepped forward every small (“acoustic”) timestep

* Concurrent nesting: nest and coarse grids integrated simultaneously
on separate sets of processors. Great for many-core systems.

* Requires extrapolation in time of two prior coarse-grid states



Two-way Interaction

 Two-way nesting: coarse grid
periodically replaced ("updated”) by
nested-grid solution

* Cell average on temperature and w
* Averaging consistent with FV numerics

* In-line average for winds, to conserve
vorticity

* Trivially mass-conserving: air and
tracer mass is not updated to coarse
grid. Relies upon mass field to adjust
to winds and temperature.




Nested-grid

boundary artifacts

Does the abrupt nest
refinement cause problems?

HiRAM climate model
cold-season precipitation

Two-way nesting shows very
little disruption

One-way nesting shows
substantial grid artifacts!

e Overhead of two-way nesting
(5—10% of runtime) is worth it

CMAP DJF Observations

One-way (“parasitic”)
1/3° climo SST

Two-way (“interactive”)

1/3° AMIP




S2S Hurricane Structure
and Rapid Intensification

Global 25-km grid
8-km Atlantic nest

15 years of 30-day HiRAM ¥ s
runs, initialized the 1%t of Ll
July—November

25-km simulates TCs which are too large and
seldom undergo Rapid Intensification

8-km matches observed Rl rates; tied to better
representation of small, intense cyclones?
=>» S2S Prediction of Rapid Intensification??
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Gao et al, In revision at JAMES



3-km nested cfvGFS

Spring Experiment Precipitation
May 2017 Daily 00Z 3-km Forecasts

Heavy Precip

ETS for 99.0th Percentile 1-hour Precipitation
{FV3 CAPS 2. 3 mm | FV3-GFDL: 2. 4 mm | WRF: 2 5 mm)

|— WRF

0.8
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0.7
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GIobaI -to- reglonal cvaFS
allows convective-scale

- forecasts beyond the current
E""operatronal range

0.0
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Very rapid spin-up
from 13-km
hydrostatic GFS ICs

FV3-GFDL: cfvGFS, GFDL Microphysics, cold-started
FV3-CAPS: cfvGFS, Thompson MP, cold-started
WRF: ARW, MYJ PBL, Thompson MP, CAPS cycled DA

Light Precip
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ETS for hourly precipitation
30-km neighborhood
90% confidence interval shaded

Courtesy Tim Supinie and Ming Xue (U. Oklahoma)



Medium-range derecho prediction
27—-28 May 2017 “Triple Derecho”

Verification

Initializations 22-28 May : Period :
Area [km**2] of max 2--5 km UH > 75 m**2/s**2
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X = Model initialization; all run to 00z 29th

2017 GFDL cfvGFS: EDMF PBL, GFDL MP
Updraft Helicity = w x T : severe storm proxy

0
[e]

SPC storm report

[ ! N m -
SPC observed severe weather reports
Valid 12Z 27 May to 127 28 May

A Hail Reports - 204
W Wind Reports - 371
V¥ Tornado Reports - 10

Note: Storm reports should be considered preliminary. These are the reports as of 31 May 2017 @ 12:42 PM COT.
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00Z 28 May 2017 03Z 28 May 2017 06Z 28 May 2017
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hfvGFS: Atlantic hurricane nest

hvaFS 3-km Neted Domain

fvGFS intensity nearly the best, despite:

* Lower resolution (13 or 3 km vs. 2 km)

* Cold-started from 13-km hydro GFS

* No ocean coupling

* No TC-optimized PBL scheme

Better dynamics and better microphysics likely make the difference

Hazelton et al, accepted by Wea. Forecasting



2-km hfvGFS: Hurricane Matthew

0000 UTC 1 Oct 2016 (48 hour forecast) Infrared
Experlmental 2 km hvaFS 4-km GOES 13

195 210 225 240 255 270 285 300 315 330

Courtesy Sharon Nebuda and Jason Otkin (SSEC/UW:isc)
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Hurricane Harvey:
3-km nested hfvGFS

Hazelton et al, Accepted by Wea. Forecasting



2 O 1 8 3 a k m G F D L : 2017 ATLANTIC HURRICANE SEASON

hfvGFS upgrades

2018 FV3 core and GFDL MP

~ HWRF

— 3 km NESTED fvGFS (2017)| 1
— 3 km NESTED fvGFS (2018)| 1

e S-J’s positive-definite tracer advection

replaces monotonic

—> much improved TC structure 2017 ATLANTIC HURRICANE SEASON

~— HWRF
— 3 km NESTED fvGFS (2017)

* Mixed-layer ocean and YSU PBL °
—> improved intensity biases and Rl ‘

Bias (Knots)

e Scale-aware SAS

Reduced
Negative
Bias

Linjiong Zhou, Andy Hazelton, and Morris Bender, Princeton/GFDlyey rapid spin-up
72 96

Baogiang Xiang and Hailey Shin, UCAR/GFDL from 13-km Forecast Hour

hydrostatic GFS ICs ~ #CASES: 254 230 201 171




2018 3-km GFDL hfvGFS upgrades:

Rapid Intensification Forecasts

Hurricane Harvey

Maximum Surface Winds (knots)

Siuccesisful Fdrecasi of

Observed
HWRF

2017 hfvGFS
2018 hfvGFS

Forecast Hour

1601
1501
140
130
120
1104
10087

801 -

Hurricane Irma

"""" ""'@"""""@'Successqu'Foreca'st'""
________ . ofRapid Intensification [ = =
12 24 36 48 69 7"2 B4 96 108 124

Forecast Hour

Courtesey Morris Bender



Additional Material
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GFDL “FV3-2020”: Integrating Physics with Dynamics




StagelV Precipitation (Radar Obs) 768 13-km fvGFS (forecasts) Orographic Precipitation:

Ty — Uniform vs. Stretched

HiRAM Climate/S2S Model:
Simplified AM4 physics w/
6-category GFDL Microphysics and

37.0°N

36.0°N -+ specified SSTs
110.0°W 108.0°W 106.0°W 104.0°W 102.0°W 0.0*wW 108.0°W 106.0°W 104.0°W 102.0°W
384 25-km HiRAM (AMIP) | c768r3 4-km fvGFS (forecasts) fvGFS Weather Prediction Model:
42.0°N s e U —, ® FV3 coupled to GFS Physics +
41.0°N 6-category GFDL Microphysics
40.0°N
39.0°N
38.0°N
37.0°N o W
23
36.0°N d “War . .
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— -
0.6 1.2 1.8 2.4- -'!5 I 3.6 4.2 4.8 Preci P
[mm/d]

Courtesy Baogiang Xiang and Linjiong Zhou



3-km nested cfvGFS
2018 Sprlng Experlment C. Zhang et al, submitted to GRL

(a) Thompson (b)
[—— salmynn L —mynn T — sa-vsut —— L

* CAPS (U. Oklahoma) contributed = """ """ " & =
a 12-member mixed-physics
fvGFS ensemble in 2018

e 2-m temperature biases lowest in e}

afternoon; at night all but EDMF 5
show cool bias -
* Precipitation skill again rapidly B et B Lo Tty

99.9th percentile

spins-up from cold start; within o e O Soheerente
reach of operational 3-km HRRR "Nl e s A AR O SN R .
* Thompson MP more skillful
than NSSL; little dependence
on PBL scheme

Neighborhood ETS
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Forecast Lead Time (hours) Forecast Lead Time (hours)

Thompson and SA-MYNN



3-km nested cfvGFS B i o 4 Baa 7 [
2018 Spring Experiment .| _.. Il
e CAPS (U. Oklahoma) i;, T 1T

contributed a 12-member T e 10

mixed-physics fvGFS 3| 11

ensemble in 2018 L el | 1p A |
° (c) U wind (m/s) _ — . (.‘.’).V“’i“d(".‘{ﬁ)‘ l,.
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SA-MYNN PBL + Thompson MP + Tiedtke (Global) O 4 3 2 1 0 1 2 3 4 55 4 3 2 10 1 2 3 4



2018 Tropical Cyclane Trocks
Storm: ALO618 (FLORENGE)

Biw 78% 75W T 6w G6W 63 60N 57
Forecasts: Beginning 2018090912
Observed: Beginning 2018080812, every 12 hours

2018 Tropical Cyclone Tracks
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2018 Tropical Cyclone Tracks
Storm: AL0618 {FLORENCE}
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Forecasts: Beginning 2018090900
Observed: Beginning 2018090900, every 12 hours
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