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The FV3 Way
Ø Physical consistency
Ø Fully-FV numerics
Ø Component coupling
Ø Computational efficiency

FV3 for the 2020s
Rigorous Thermodynamics
Flexible dynamics
Adaptable physics interface
Variable-resolution techniques
Regional & periodic domains
Powerful initialization, DA, 

and nudging functions

Lin & Rood 1996 
Efficient 2D high-order 
conservative FV transport
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Figure 2. Schematics of the two-grid system: the 'CD-grid'. The time-centered advective winds (u * ,  v*) (the 
hollow arrows) are staggered as in the C-grid (as in Fig. 1) whereas the prognostic winds (u", u")  (the solid arrows) 

are staggered as in the D-grid. The cell-averaged relative vorticity is computed by the Stokes theorem. 

both cases, however, the diffusion is scale-dependent and nonlinear. As argued in Rood 
et al. (1992), there is some evidence that the nonlinear diffusion associated with monotonic 
advection schemes can be interpreted physically, at least for stratospheric tracer problems. 
Consequently, in the current implementation of the FFSL algorithm for solving the shallow- 
water equations no explicit diffusion will be needed. 

Another important difference between the FFSL algorithm and AL's method is in the 
way absolute vorticity is transported in a general divergent flow. In the current approach 
the discretized h and S-2 fields are taken as cell-averaged values, not point-wise values, and 
the same scheme is used for transporting h and a, regardless of the divergence of the flow. 
Functional relations between h and C2 can therefore be better preserved. In AL's approach, 
the equation for the fluid depth h (Eq. (10)) is centre-differenced in a straightforward 
manner while (1 1) and (12) are centre-differenced, in a more sophisticated way, to achieve 
the goal of vorticity transport by the Arakawa Jacobian for non-divergent flow. Therefore, 
the transport scheme for h and C2 in AL's approach will be, in general, different. As a 
consequence, an initial linear and/or nonlinear functional relationship between these two 
conservative variables will be lost during the course of time integration. Therefore, the 
AL approach does not maintain the analytic relationships which are derived from basic 
physical principles. 

To achieve the goal of transporting h and C2 by exactly the same manner, an obvious 
requirement is that h and C2 be defined at the same point (or, in the finite-volume sense, 
enclosed in the same cell). Since our prognostic variables are h and (u , v), rather than h and 
(a, q) ,  the D-grid arrangement (see Fig. 2) is the logical choice. As tangential winds are 
defined along the cell boundaries, the D-grid is ideally suited for computing the circulation 
(and hence, the cell-averaged relative vorticity, in the mean value theorem sense). It is 
also the best grid on which to compute geostrophically balanced flow. It is known that 
any single-grid system, other than the C-grid or the Z-grid (Randall 1994), generates two- 
grid-length gravity waves. This problem can be avoided by computing the time-centred 
advective winds (u*, v*) on the C-grid, as required by the multidimensional FFSL scheme 

Lin & Rood 1997
FV horizontal solver focusing 
on nonlinear vorticity 
dynamics 

Lin 1998–2004 FV core with “floating” 
Lagrangian vertical coordinate
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FIG. 2. The surface pressure perturbation and the temperature at the lowest model layer at day 10 for (top to
bottom) three different horizontal resolutions.

hydrostatic pressure as defined by Eq. (23) as the re-
mapping coordinate. We outline the remapping proce-
dure as follows:

Step 1: Define a suitable Eulerian reference coordi-
nate. The surface pressure typically plays an ‘‘an-

choring’’ role in defining the terrain-following Eu-
lerian vertical coordinate. The mass in each layer
(dp) is then computed according to the chosen Eu-
lerian coordinate.

Step 2: Construct vertical subgrid profiles of tracer
mixing ratios (q), zonal and meridional winds (u,

Putman & Lin 2007
Scalable cubed-sphere grid, 
doubly-periodic domain

Lin 2006, X Chen & Lin et al 
2013 Consistent Lagrangian 
nonhydrostatic dynamics

shows the Gaussian bubble results from the Eulerian
configuration, while the second row shows the same
results from the Lagrangian configuration. The output
times for the Gaussian bubble results are 0, 6, 12, and
18 min. The last row shows the uniform bubble test, with
the left two subplots from the Eulerian configuration
while the right two are from the Lagrangian configura-
tion. The grid size for all the results was Dx5 Dz5 5 m,
and the time step Dt 5 0.007 s scales with the grid
spacing. The color range is presented from 0 to 0.5 K for
comparison purposes with the results shown by Robert
(1993). The output times for the uniform bubble results
are at 7 and 10 min. The AUSM1-up method was also
tested with the Eulerian configuration and shows almost

identical results (figures omitted), but requires about
50% more computer time compared to the LMARS
method.
Since no limiter is applied in either interpolation

scheme for the variables or remapping, two grid-size
waves can be observed. These waves do not grow or
cause instability. Figure 2 provides a clearer picture of
theses small-scale oscillations. It shows the cross section
at the center of the uniform bubble test for the 7-min
plot (the dashed line in the bottom-left plot in Fig. 1).
The oscillations are especially present near the sharp
edges of the rising uniform bubble.
In Fig. 1, the 6- and 12-min results for the two different

coordinate configurations agree well with each other

FIG. 1. (top two rows) The potential temperature (PT) (K) for a Gaussian bubble pertur-
bation in a 1 km by 1.5 km domain using (top) the Eulerian coordinate and (middle)) the
Lagrangian coordinate: (left to right) t 5 0–18 min. (bottom) An initial uniform bubble per-
turbation in a 1 km by 1 km domain using (left two panels) the Eulerian coordinate and (right
two panels) the Lagrangian coordinate: (from left to right) t5 7–10 min. The grid spacing of all
results is 5 m. The cross section of the PT perturbation along the dashed line in the bottom-left
panel is presented in Fig. 2.

JULY 2013 CHEN ET AL . 2535

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

METHOD FOR COMPUTING PRESSURE GRADIENT FORCE 1751 

Figure 1. The finite-volume discretization in terrain-following coordinates. 

third law states that ‘to every action there is always opposed an equal reaction’. By the 
virtue of the finite-volume discretization (see Fig. l) ,  Newton’s third law is automatically 
satisfied. Referring to Fig. 1, the contour integral can be further decomposed as follows: 

and 

where points 1,2,3, and 4 are the four vertices of the finite volume. 

the following condition must hold 
The derivation so far is for the general non-hydrostatic flow. For a hydrostatic system, 

CF, = g A m  ( 5 )  

where g is the acceleration due to gravity. Equation ( 5 )  states that the vertical component 
of the resultant pressure force acting on the finite volume exactly balances the total weight 
of the finite volume. The horizontal acceleration, after eliminating Am from (2) using (3, 
can be written as 

du ‘CF, 
- = g- = g /  tan y 
dt XFz 

where y is the angle between the resultant pressure force and the horizontal surface. 
Equation (6) states that, for a hydrostatic system, the momentum acceleration due to the 
horizontal pressure gradient is simply the gravitational acceleration divided by the slope 
(tan y )  of the resultant pressure force acting on the finite volume. The slope should never 
vanish if the hydrostatic approximation is valid. The process of eliminating Am using 
(5) ,  the exact hydrostatic balance equation for the finite volume, ensures the hydrostatic 
consistency of the algorithm. 

Equation (6) is central to the finite-volume integration method, and it is exact for an 
arbitrary finite volume in a hydrostatic flow. To carry out the contour integration, assump- 
tions regarding the subgrid distribution of the thermodynamic variables must be made. 
The accuracy of the method thus depends on how well the assumed subgrid distribution 

Lin 1997 Efficient, 
mimetic FV PGF

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



FV Advection 
Lin and Rood Advection

• “Reverse-engineered” forward-in-time 
2D scheme constructed from 1D PPM 
operators
• Mass-conservative
• Correlation-preserving for monotonic limiter
• Cancels splitting error
• Separate Courant number limit in x and y
• Upwinding preserves hyperbolicity and causality 

• All quasi-horizontal processes, except 
PGF, can be represented as advection

• Highly adaptable: Positive-definite 
tracer advection greatly improves 
hurricane structure

FV3-based NASA GEOS

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

Monotonic Advection Positive-Definite Advection



Nonhydrostatic Lagrangian Dynamics

• Semi-implicit solver extends FV Lagrangian 
dynamics into nonhydrostatic regime
• NH solver is a runtime switch

• Vertical motion is entirely implicit.
• No courant number restriction on vertical velocity. 
• No explicit calculation of vertical transport
àGreatly improved numerical efficiency

FV3 uses a mass- and geopotential-conserving 
cubic-spline vertical remapping to remap to 
reference coordinate3.25-km X-SHiELD: remap dt = 36 s 

à vertical courant number = [-10.9,9.36]



Vorticity Dynamics

Voyager 1, NASA, 1979 Reprocessed by Bjorn Jonsson

Leonardo c. 1508

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



Vorticity Dynamics

Hurricane Matthew (2016): GOES-13 (left) vs. 2-km T-SHiELD (right)
Courtesy S. Nebuda and J. Otkin, SSEC/UWisc

1-km super-stretched global FV3

• 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 



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

Building a Weather-Ready Nation  //  11NATIONAL WEATHER SERVICE

Extended Schmidt gnomonic grid Ordinary gnomonic grid

(Figures kindly provided by Chan-Hoo Jeon)

Contours of grid cell size show the advantages of extending the parameter space

Building a Weather-Ready Nation  //  11NATIONAL WEATHER SERVICE

Extended Schmidt gnomonic grid Ordinary gnomonic grid

(Figures kindly provided by Chan-Hoo Jeon)

Contours of grid cell size show the advantages of extending the parameter space

Regional-Domain Grid-cell Width
Courtesy Jim Purser and 
Chan-Hoo Jeon (NCEP/EMC)

, and uniform regional domains



St

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

Tom Black, EMC
Three-hour

BC Update Frequency

Limited-Area Regional Model
• Low computational overhead: 

Ideal 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)

High-resolution domains in FV3



Rigorous Thermodynamics and 
Physics-Dynamics Coupling

• Mass in FV3 includes water vapor 
and all condensates. Condensate 
loading and moist-mass effects 
baked-in. 
• Physics tendencies are tricky however

• FV3 incorporates the heat content 
of water vapor and condensates 

• The GFDL microphysics is 
directly in-lined within FV3 and 
takes advantage of the numerics
• Implicit Lagrangian sedimentation
• Subgrid variability for fractional 

autoconversion
• Sedimentation transports 

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



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 
Processes

Intermediate 
Processes

Fast 
Processes

Para. Update Tracers Update Prog. Vars. Update

- Radiation

- Cloud MP

- Pollutant Source/Sink

- Sub-Grid-Orog. effects

- PBL, etc.

PHYSICS DYNAMICS

In-line GFDL MP

Integrated dust prediction and
improved FV3 Energetics

Thanks Xi Chen + Yuan Ma



Applications of FV3



github.com/NOAA-GFDL/GFDL_atmos_cubed_sphere

LASG FAMIL

Chinese Academy of Sciences

CAM-FV
CAM-FV3

GEOS, DAS, MERRA(2)
Ames Mars GCM GEOS Chem

GEOS-Chem High-Performance

Taiwan Central Weather Bureau

CWBGFS

The Global FV3 Community

AM4 CM4 ESM4
SHiELD SPEAR

GFSv15 v16 GEFSv12
MRW SRW HAFS …



GFDL current-generation model configurations 
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SPEAR 
Seasonal to Decadal  

(S2D) 

CM4 
Decades to Centuries 

Climate processes 

ESM4 
Decades to Centuries 
Climate composition 

 
   
 

 

 

 

 

 

 

Weather Scale Physics 

NOAH 
Land model  

 
 
 
 
 

Ocean DA 
(ECDA) 

Global uniform/Nested/Stretched 
Grids 

3-25 km horizontal resolutions 
63-91 vertical levels 

Atmos. DA 

FV3 

MOM6 

             AM4.0 
 

  
 

 

 

 

 

100/50/25 km horizontal 
resolutions 

33 vertical levels 

Simplified Aerosol 
Chemistry 

FV3 
Climate Scale Physics 

SIS2 

 
 
 
 
 

MOM6 

SIS2 

OM4 

1 degree horizontal resolution 
75 vertical layers 

1/4 degree horizontal resolution 
75 vertical layers 

 
 
 
 
 

COBALT 

             AM4.1 
 

  
 

 

 

 

 

MOM6 

SIS2 

1/2 degree horizontal resolution 
75 vertical layers 

             AM4.0  
 

  
 

 

 

 

 

100/50/25 km horizontal 
resolutions 

33-63 vertical levels 

Simplified Aerosol 
Chemistry 

FV3 
Climate Scale Physics 

LM4.0 LM4.0 LM4.1 

Climate Scale Physics 

100km horizontal 
resolutions 

49 vertical levels 

Fully Interactive 
Atmos. Chemistry 

FV3 

BLING 

The GFDL Fourth-Generation Unified Modeling Suite

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



SHiELD

S-SHiELD

C-SHiELD

T-SHiELDX-SHiELD

R-SHiELD

C384: 25km
Subseasonal-to-seasonal Prediction

3km (and higher)
Regional Storm Prediction
Idealized Test

C768r15n3: 20-3km
Severe Weather Prediction

C3072: 3km
Global Cloud-resolving Simulation

C768n4: 13-3km
Tropical Cyclone/MJO Prediction

C768: 13km
Global Weather Prediction

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

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



13-km SHiELD Evolution

2016
Tuned NGGPS 

GFS Physics

2017
GFDL Cloud Physics

EMC SA-SAS

2018
Inline GFDL MP

Pos-Def Advection
YSU Turbulence

Mixed-layer Ocean

2019
Updated FV3 

Revised GFDL MP
URI-GFDL Sea State

RMSE: Lower is Better

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

Courtesy Linjiong Zhou; Harris et al, 2020, JAMES

Tropical
Precipitation

vs. TRMM
25-km data

CONUS
Precipitation
vs. StageIV



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

SHiELD Hurricane Tracks

Atlantic Track Model Error

Results as of 00Z 14 September

Eastern Pacific 
Track Model Error

Western Pacific 
Track Model Error

WARNING
Season still ongoing

Skill subject to change

Y-axis squashed to 
match other plots

Courtesy Kun Gao & Morris Bender



SHiELD & T-SHiELD Intensity

Atlantic Model Intensity Error Atlantic Model Intensity Bias

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

Courtesy Kun Gao, Andy Hazelton, and Morris Bender



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%.
à12% lower track error at day 5. 
Also investigating role of interactions 
with topography.

Courtesy Kun Gao & Morris Bender



Better forecasts? Better ICs!
North Atlantic Basin, 2017 Season

SHiELD TC Track Error

Collaborations with ECMWF
Ø J-H Chen et al. 2019, GRL
Ø Magnusson et al. 2019, QJ
Ø Ongoing Dimosic Project

DA in FV3-based GFSv15 prototype
New radiances available for assimilation 
from high-impact areas in all-sky data 
assimilation

M Tong et al. 2020, MWR



Dust emission in-line with 
FV3 advection

Wet deposition and 
prognostic drop number can 
be implemented within in-
line GFDL MP

Courtesy Xi Chen and Paul Ginoux

Integrated Physics: 
In-Line Dust & Smoke



Seamless Modeling:
Vorticity Dynamics

GFDL CM2.0: B-Grid Core

GFDL CM2.1: FV

Zonal-mean 
wind stress:

CM2.0 vs. CM2.1
Global-mean Ocean Temp diff. 
(K) in control-climate integrations

Delworth et al. 2006 JClim

Hourly-Maximum
UH (w x ζ, m2s-2)

Hourly-Maximum 
column-max w (m1s-1)

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
Wea. Forecasting



Seamless Modeling: Orographic Precipitation

Courtesy Baoqiang Xiang 
and Linjiong Zhou

c384 25-km HiRAM
(AM4-like, AMIP) 

c768r3 4-km 
stretched SHiELD (forecasts) 

c768 13-km SHiELD (forecasts) 
StageIV Precipitation 

(Radar Obs)

Precip
[mm/d]

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

Too much drizzle due to SAS 
shallow convection.

Grid-cell Width in Stretched Grid: Zhou et al. 2018, BAMS



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

CMIP Earth-System Models

CM4 Coupled Climate Model

100-km AM4 Atmosphere
(C96 FV3 + GFDL Climate Physics)
+ 25-km MOM6 + LM4

Even at 100-km good MJO 
propagation is found…if 
coupled to an ocean

S2S & S2D Prediction Models

Zhao et al. 2018a,b Courtesy Baoqiang Xiang

Observations

25-km S-SHiELD
Atmos. w/ MLO

50-km SPEAR
MOM6-Coupled S2D



Seamlessness in the GFDL Modeling Suite:
MJO Prediction Skill

25-km S-SHiELD

Mixed-layer ocean adds 8 days of 
useful skill

4-km nested T-SHiELD

14 Days
19 Days

20 Days

28 Days

RMM ACC for DYNAMO 
(2011–12)

24 Days 26 Days

28 Days 39 Days

RMM ACC for 34 
phase 3 & 4 cases during DYNAMO

4-km Maritime Continent Two-Way Nest 
improves predictability and propagation of MJO 
compared to 16-km uniform

Courtesy Kun GaoHarris et al. 2020, JAMES



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 
hybrid ML model to emulate 
X-SHiELD in a cheap low-
resolution model

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



X-SHiELD Performance

• X-SHiELD is efficient but still too 
slow for everyday use.

• Previous NASA Goddard port of 
FV3 to CUDA found large 
speedups, but very labor-intensive

• Public-Private-Academic 
Partnership to port FV3 and GFS 
Physics into GridTools DSL through 
GT4Py

Goal: Practical 1-km global model

X-SHiELD C3072 L79

Gaea c4 13482 CPUs 75 min/day

Orion (MSU)

Courtesy 
Rusty Benson

12288 CPUs 68 min/day

27648 CPUs 33 min/day

36864 CPUs 26 min/day

(Timing does not include I/O)



FV3	Coming	Attractions

FV3 Adjoint: NASA Goddard

Dan Holdaway, GSFC

Multiple, Telescoping, 
Moving, and Floating Nests
AOML-GFDL-EMC

Xuejin Zhang AOML

Deep atmosphere for
Space Weather and 
Whole Atmosphere
EMC-GFDL-SWPC

Valery Yudin
CU/SWPC Coming 

Attractions

Unified Physics & Dynamics

LMARS Simplified Riemann Solver
X. Chen et al 2013, 2018, 2020

Li and X. Chen 2019

Process-study framework for
Physics-Dynamics Interactions
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F
rom below the conference table 

comes the thrum of incoming 

phone alerts. The new weather 

forecast has rolled in, and the cli-

mate scientists, even though it’s 

not typically their business, dig 

out their phones to look: snow 

tomorrow—hardly unusual for 

early February in Princeton, New 

Jersey. But the weather models have the 

storm breaking severe, dumping a foot or 

more. A snow day seems likely. 

Across the table at the Geophysical Fluid 

Dynamics Laboratory (GFDL), Shian-Jiann 

“S. J.” Lin is not convinced. He is the mas-

ter of 20,000 lines of computer code that 

divide the atmosphere into boxes and, with 

canny accuracy, solve the equations that 

describe how air swirls around the globe. 

For decades, Lin’s program has powered 

the long-term simulations of many cli-

mate models, including GFDL’s—one of the 

crown jewels of the U.S. National Oceanic 

and Atmospheric Administration (NOAA). 

Now, Lin’s domain is expanding to a differ-

ent side of NOAA: the short-term weather 

forecasts of the National Weather Service 

(NWS). By 2018, Lin’s program will be pow-

ering a unified system for both climate and 

weather forecasting, one that could predict 

conditions tomorrow, or a century from 

now—and do it faster and better than cur-

rent models. His work will soon be guiding 

mayors planning not just for snow plows, 

but also rising seas.

But Lin has started early. His small team 

is already running a prototype forecast on 

their supercomputer. And in his typically 

confident and brash style, he offers a minor-

ity report about the next day’s storm.

“If our forecast is correct, it’s only 3 to 

6 inches,” Lin announces. His peers at the 

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

By Paul Voosen

THE WEATHER MASTER
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C-SHiELD 
Severe Storm Forecasts

• Leverages advances from other SHiELD 
configurations
• Revised diffusion and shallow convection, 

updated GFDL microphysics and PBL
• Submitted to 2020 Spring Forecasting 

Experiment at the NOAA Hazardous 
Weather Testbed in Norman, OK
• Received high marks for pre-storm 

environment and cold pools
• FV3-NSSL (diff. MP, PBL, LSM) does very well 

with storm structure every year
• Further evaluation is forthcoming


