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Simplifying NOAA's Operational Forecast Suite

Reducing the 21 Stand-alone Operational Forecast Systems into Eight Applications

21 Independent Stand-alone Systems

Global Weather, Waves & Global Analysis - GFS/ GDAS
Global Weather and Wave Ensembles, Aerosols - GEFS
Short-Range Regional Ensembles - SREF
Global Ocean & Sea-Ice - RTOFS
Global Ocean Analysis - GODAS
Seasonal Climate - CDAS/ CFS
Regional Hurricane 1- HWRF
RagianalHurricane 2 - HMON
ggional High Resolution CAM 1 - HiRes W
Regional High Resolution CAM 2 - NAM nests/ Fire Wx
Regional High Resolution CAM 3 - RAPv5/ HRRR
Regional HiRes CAM Ensemble - HREF
Regional M le Weather - NAM
Regional Air Qualig
alysis - RTMA/ URMA
Atmospheric Transport & Dispersion - HySPLIT
Coastal & Regional Waves - NWPS
Great Lakes - GLWU
Regional Hydrology - NWM |
Space Weather 1- WAM/IPE
Space Weather 2 - ENLIL I

Regional Surface Wea
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RRFSv1 Project Plan

Informed by Stakeholder Feedback and Requirements

HRRRv4 Implementation & Evaluation (2020) @ RS @
HREFv3 Implementation & Evaluation (2021)

UFS Forecaster priority workshops (2020-2021) Project Plan for the Rapid Refresh
Forecast System (RRFS) V1.0.0

UFS Metrics Workshops (2021)

VERSION 1.1

NOAA Testbed reports from HWT and HMT (2020-Now) 06/06/2023

CaRDS 21-012

CaRDS CAM Ensemble
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Rapid Refresh Forecast System (RRFS)
A UFS Application

e Based on the FV3 dynamical core Limited

Area Model (LAM) capability

Rapidly updated

Convection-allowing (~3 km grid spacing)

65 vertical layers

Hybrid 3DEnVar assimilation (30 members)

Deterministic forecasts to at least 18h every

hour

e Deterministic & Ensemble forecasts to 60h
every 6 hours

o 12 Time Lagged Members

e 6 on-time + 6 t-6h
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Unifying Regional Domains

RAP/HRRR

~10.7 million cells per layer

3-km RRFSv1 Domain
i{\‘UFS HMT FFalR — 15 June 2023 // 5
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Novel Computational Grid

The Extended Schmidt Ghomonic Grid

Tile AFTER Schmidt Stretching (s = 0.25)

Tile BEFORE Schmidt Stretching
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North America 3 km Domain

RRFS_A Composite Reflectivity (dBZ)
initialized: 2023061112 valid: 2023061200 (f12)
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dBZ
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RRFS Physics and Vertical Resolution

PBL/Turbulence MYNN-EDMF Olson et al. (2019) Tested L65 and L70 configurations for 30 cases
e Performance similar between L65 and L70
MYNN Olson et al. (2021) e Both improved over NAM’s L60
Microphysics Thompson-Eidhammer Thompson and Eidhammer (2014)

Climatological pvs.dp
Thompson-Eidhammer Thompson and Eidhammer (2014) I ! ! !
Aerosols
Smoke and Dust L33 1153 e e, (ALTERE Ahmadov et al., Freitas et al., 2010
scheme for dust

200 -
Shallow Olson et al. (2019)
Convection MYNN-EDMF Angevine et al. (2020)
: Small Scale and Turbulent Beljaars et al. (2004) 400 —
Gra'\)l;ltySchvsave Orographic Gravity-Wave Tsiringakis et al. (2017) g
v & Form Drag Toy et al. (2021) &=
o

600 —
Land Model RUC LSM Smirnova et al. (1997, 2000, 2016)
Large Lakes FVCOM Fujisaki-Manome
. et al. (2020) 800 -]
Small Lakes CLM Lake Subin et al. (2‘012.), Mallard et al. (2015), ] [
Benjamin et al. (2022) 1000
Long and ?h?rt RRTMG lacono et al. (2008), Mlawer (1997) 0 10 20 30 40 50
Wave Radiation dp (hPa)
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Q)

Two-way interaction between ...

2 m Dew point temperature (F, shaded)
ro: 20190615 00 UTC
ime 20190615 04 UTC

30 member 3-km DA ensemble &
@ and 3-km deterministic
RRFS hybrid 3DEnVar
analysis(@)

Partial cycle spin-up of
atmosphere from GFS twice
per day (RAP like), land states
fully cyc’d coroEomom o e R e e

All ensemble members (in square) and
deterministic/control (circle) on 3-km NA grid

LJFS HmTFrar

Obs Platform

Variables

SLEUAIRS T, moisture, W, ps
Mesonet, Buoy, | ceilin ,vis, PS,
C-Man, Ship 9,

Rawinsonde

T, moisture, W

NEXRAD Radar

dBZ, rw, VAD W

Lightning Flash Extent Density
Aircraft T, moisture, W
GOES-16/18 ABI, AMVs, cloud top
pres. & T
Radiances (AMSUA,

Polar Orbiters

MHS, ATMS, CRIS,

IASI, SSMIS)




RRFSv1 Data Assimilation

Obs Obs 1-hr

1-hE forecast
forecast

HRRRDAS Hybrid Analysis, |———>

).

)

)

G

3-km Ensemble 1-hr Cloud Analysis HRRR 3-km
Mean spin-up T T free forecast
w/ radar DA

’ Static ‘ | Obs |

Operational HRRRv4 HiRes Ensemble DA

Ensemble covariances in deterministic analysis
Leverages ensemble mean for deterministic forecast
One-way information from ensemble to deterministic
forecast

Deterministic atmospheric forecast not hourly cycled
Non-var/non-hybrid cloud/radar DA in deterministic
HRRR

Deterministic forecast can fall outside ensemble
solutions

QJFS Hmrerar

Atering Antering
RRFS 3-km 1-hr RRFS 3-km 1-hr
Control forecast Control forecast
Hybrid Analysis Hybrid Analysis

Obs 1-hr Obs 1-hr
forecast forecast

RRFS 3-km RRFS 3-km

v T control free - control free
forecast forecast

RRFSv1 HiRes Ensemble DA

Ensemble covariances in deterministic analysis
Ensemble mean recentered from deterministic
analysis

Two-way information between ensemble and
control member

Deterministic atmospheric forecast hourly cycled
Hybrid cloud/radar DA in deterministic RRFS
Deterministic/control forecast within ensemble
solution space
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RRFSv1 Design: Radar DA

Time of Day Verification of Reflectivity >30dBZ  BaseE_Ens06218Z_300km_RTPS1.0
3-hour forecasts BaseE_1

2| CS| " F)()[)\/

20
35

18
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17X N | - JVA\\/AJ
ii . ///\/ °1 (20 km grid)
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x100
x100

-

8 (20 km grid)

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Hour of Day

Hour of Day
| ek Inclusion of radar assimilation in RRFS
' e Overall better than without radar
: : \/\ e Improves skill, comparable to
e Improves probability of detection,
1 S—— better than
:: A koo e Increases high bias, potential
0 1 23 456 7 8510112056160 18D 0223 improvement from with multiscale
i | algorithm (more later in talk)
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RRFSv1 Data Assimilation

Satellite D ata _18h fest. radiosonde verification

e Moving to the North American domain increases
the number of observations available for
assimilation for the RRFS (by 250%) - particularly
those from satellites

Observations Assimilated

B CONUS [ North America
2500

2000
1500
1000

500

Number of ohservations (x1000)

0
conventional asmua iasi atms cris abi

Ohservation Type

Total assimilated observations over CONUS (blue) and prototype

North America domains (red) for an arbitrary cycle

—  NA 3km Control run
(conventional data only)
- NA 3km Radiance run

NA 13km Control run
(conventional data only)

om Zhang (EMC) and Lin (GSL) 15 June 2023 // 12



RRFSv1 Initial Operational Capability for Forecasts
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RRFSv1 Forecast Ensemble Design

HREFv3 membership (00Z/12Z CONUS) Time Lagged RRFS Ensemble
o s esa e s (00Z/062/12Z/18Z N. America)

\ 4

HiresW — ARW
(RAP init)

HIRESW - “mem?2” ARW
(NAM init)

NAM NEST - NMMB
(NAM init) **CONUS ONLY**

HRRR - ARW
(HRRR init) **CONUS/AK ONLY**

12 Time lagged members (complete N. America coverage)
60H forecast length 4x per day

Single dycore

IC perturbations subset from ~30 member EnKF
Stochastic physics and (possibly) multiphysics

LBC perturbations from GEFS

5 on time members + 5 time lagged

48H forecast length 2x per day
Multi-dycore (3)

ICs from NAM + nests, RAP, HRRR, GFS
Multiphysics

e Single core & physics CAM ensembles designed fo dafe have typically been are under-dispersive vs. HREF

e RRFSv1 ensemble design leveraging HRRRE development and HIWT, UFS-R20 projects to incorporate
methods of representing uncertainty (multiphysics, SPP, etc.)

° Goal: Skillful spread & error relationship.

’s{}% UFS HmrFFair 15 June 2023 // 14
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Precipitation Accumulation Reliability for Time-Lagged/Single Init
9 member RRFS Ensemble forecasts from 2021 HWT SFE

APCP 1 Hour >= 0.508 Reliability
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e Time-lagging improves reliability of these precip forecasts
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Acknowledge DTC for this analysis
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Ensembles at FFalR
Single Physics | ~ Multi- PhyS|cs

*RRFSp1  RRFS hybrid

(ent) wenvar O Thompson | | MYNN/MYNN'{ |(RUCH | RRTMG n/a .R‘:::)p % ”;;SE::':‘ Thompson  MYNN/MYNN
*RRFS01 enkfl GEFS m1 Thompson MYNN/MYNN  RUC RRTMG n/a *RRFSphys01 enkfl GEFS m1 Thompson H-EDMF/GFS RUC RRTMG 5aSAS Shal
*RRFS02 enkf2 GEFS m2 Thompson MYNN/MYNN  RUC RRTMG n/a *RRFSphys02 enkf2 GEFS m2 Thompson TKE-EDMF/GFS  RUC RRTMG saSAS Shal
*RRFS03 enkf3 GEFSm3 Thompson MYNN/MYNN  RUC RRTMG nfa *RRFSphys03 enkf3 GEFS m3 Thompson MYNN/MYNN RUC RRTMG saSAS Shal
*RRFS04 enkfd GEFS md Thompson MYNN/MYNN  RUC RRTMG n/a *RRFSphys04 enkfd GEFS m4 Thompson TKE-EDMF/GFS  RUC RRTMG s5aSAS Shal
*RRFSOS enkfS GEFS mS Themreon MYNN/MYNN  RUC RRTMG e *RRFSphys0S  enkfs  GEFSmS NSSL MYNN/MYNN  RUC RRTMG 5aSAS Shal
RRFS06 enkfs  GEFSm6  Thompson  MYNN/MYNN RUC  RRTMG o RRFSphys06  enkf6  GEFSm6 NssL H-EDMF/GFS  RUC  RRTMG  saSASShal
RRESO7 enki7  GEFSm7  Thompson  MYNN/MYNN RUC  RRTMG e RRFSphys07  enkf?  GEFSm?7 NSsL TKE-EDMF/GFS RUC  RRTMG 5aSAS Shal
RRESOS enkf8 GEFS m8 Thompson MYNN/MYNN ~ RUC RRTMG n/a RRFSphys08 enkfg GEFS m8 NSSL MYNN/MYNN  RUC RRTMG s5aSAS Shal
RRESO9 enkfo GEFS m9 Thompson MYNN/MYNN ~ RUC RRTMG nfa RRFSphys09 enkfg GEFS m9 NSSL TKE-EDMF/GFS  RUC RRTMG s5aSAS Shal

At FFalR we are effectively evaluating 4 ensembles
10 Member Single Physics

10 Member Multi Physics

12 Member Time Lagged Single Physics

12 Member Time Lagged Multi Physics

A8 JFS HurFFar 15 June 2023 // 16



Past FFalR Experiments

From the 2022 FFalR Final Report

“The RRFSs generally performed similar to the NAM. They both had pros
and cons. One thing that stuck out for me was that while the NAM has
high rain rates, the RRFSs have even higher rain rates.”

CONUS, Survival f(x)

107
=== MRMS 80
“One bias I generally noticed from the RRFSpl and p2 was the tendency —— HRRR 81
- 5 10%4 —— RRFSp1 70
tojover forecast coverage and rainfall maxima pockets for the pulse thun- — RRFSP2 60
defstorm convection over the Texas/Louisiana/Arkansas Gulf Coast area. 10° \ — NaM 8]
Otherwise it handled the northeast CONUS convection and southwest con- 3
vection fairly well.” § 10!
3
o
1071
IR RFS seemed to really overdo precip accumsl especially in moist air masses
like with the tropical system or the southeast.” 2
10°% T
0
“Overall,|I thought it was too popcoru_\;'laud wasn't showing enough more 1nr Precip Accum
organized thunderstorm clusters’

&
=
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RRFS Precipitation Verification

May 2022 vs May 2023

2022

RED =Op. HRRR
BLUE= RRFS_A

®
o

40-km CSI (solid lines)

QPF ECONUS 12hr Forecasts May 2022

4.5

| “[=. QPF ECONUS 12hr Forecasts May 2023 |
ed) 5
O@/ 3\35\635“

Threshold (in)

e CSIl performance gap is closing between RRFS and HRRR
e May 2023 has lower CSI and higher bias for both models
e RRFS still has a high precipitation bias problem

A8 JFS HurFFar

-5
Threshold (in)
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This is an Ongoing Challenge

e No changes are yet mature enough to be included in the RRFS prototypes seen at 2023 FFalR
o  You will still see this bias, generally in the following areas:
m Conditionally unstable airmass without strong forcing
m  Weak vertical wind shear
o We do not see issues in the cool season
e So what have we been doing?
o Established an R20 agreement with GFDL signed by GSL and EMC - drafted last fall in
response to 2022 FFalR feedback
Evaluate dampening condensational heating from microphysics
Enhancing connection between model physics and dynamics
Evaluating parameterized deep convection
Introducing vertical subgrid mixing
Multiscale DA to improve assimilation of radar data and subsequent model balance

© O O O O
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Parameterized Deep Convection w/ Grell-Freitas
[Not in official RRFS Prototype System]

No GF scheme MRMS - observations With GF scheme

Composite Reflectivity (dBZ, shaded)
rrfs_b: 20220505 00 UTC

Composite Reflectivity (dBZ, shaded)

rrfs b: 20220505 00 UTC
, Valid Time 20220505 06 UTC
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Updated Physms Dynamics Coupling

[Not in official RRFS Prototype System]

dt6_kn11_ctrl maxw dt36_kn16_ctrl maxw di72 kn26_ CM maxw Hovmoe”er Of max'mum
) i . vertical velocity over the
E E & convective region for
i i ﬁ idealized splitting supercell
B Ew Current FV3 coupling has
A significant sensitivity of
I :  solution to choice of
: physics time-step

Y (km) ¥ (km)

6 second coupling/physics frequency 36 second coupling/physics frequency 72 second coupling/physics frequency

dt6_kn11_mpas_pdc maxw dt36_kn16_mpas_pdc maxw

dt72_kn26_mpas_pde maxw

Modified FV3 coupling

i
¢ tj . g
!i; ’ ‘4 ' greatly reduces sensitivity
i | of solution to physics
e Two 1. time-step
Ew Em | M E —t
2 m B ~ 120 Hze
E 100 E 100 a \ E 100 :
83000 0 BT 0 SID SIS0 S0 S0s00 80 5 40 30 20 10 0 -10 20 -30 40 50 60 ! 0 50 4 30 20 10 0 -0 -20 -30 40 -3 -60 g
Y (km) Y (km) Y (km)
6 second coupling frequency, 6 second coupling frequency, 6 second coupling frequency,
6 second physics frequency 36 second physics frequency 72 second physics frequency

“(%Q UFS HMT FFalR Acknowledge Kevin Viner (EMC) for this work 15 June 2023 /| 21



Introducing Subgrid Vertical Transport Scheme
[Not yet in official RRFS Prototype System]

3-hour accumulated precipitation

e JMA and other centers have noticed |LFM:
Radar/Raingauge-Analyzed

challenges with excessive grid point || Fp2003 LEM2103 Pracipltation
storms in their modeling systems ST s —
e To address this they have introduced ‘ W/th Leonard 8
a scheme to account for unresolved grid point-— ©| " term =
vertical transport of heat and L ARG
moisture in deep convection d -*%*”‘T; /3
o Known as The Leonard Term PR Tr I g B " S
e EMC is coding this scheme upnow [ = & xl . | o ]
. ipelan i '
Ki (. ,000w , 000w Figure obtained from presentation by Hiroshi Kusabiraki
Low = 12 ( 5y Or LES ::'(')_,,'(_)},') et al. (2021) demonstrating impact at JMA

% U FS HMT FFalR  Acknowledge JMA visiting scientist Sho Yokota and colleagues 15 June 2023 /| 22



Multiscale DA Algorithm

[Not yet in official RRFS Prototype System]

e Scale and variable dependent localization employed in the EnVar DA algorithm
o Ensemble covariances undergo scale-selective filtering (short, medium, & long waves)
o Localization radii appropriate for each scale are used
e Allows for all observations to be assimilated simultaneously
o Eliminates 2 step implementations with ad-hoc separation of observations (sondes vs radar)

Mean Absolute Pressure Tendency 2021051104

. N — By courtesy of
* | Imbalance is smaller in— ... VBt Xiaoyan Zhang
.| VDL than in 2 step e >30dBZ, FT=0-36h —— VDL+SDLHYB

VDL+SDL @CONUS (13km grid)

=== VDL+SDLHYB
2.8

2.6

2.4

hPa/hr

2.2

Freq. Bias

0 3 6 9 12 15 18 21 24 27 30 33 36
| | | | | ‘ Forecast Hour
0.0 0.2 0.4 0.6 0.8 1.0

Timestep (hours)

%\% UFS HMT FFalR Acknowledge JMA visiting scientist Sho Yokota, OU/MAP group, and T. Lei (EMC) 15 June 2023 /| 23



Products and Computing
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Products

RRFS will provide functionally equivalent products currently on NOMADS and the SBN
(NOAAport/AWIPS)

e.g., covering the following systems HRRR, NAM nests, HREF and HiResW members

[
@)

o

A8 JFS HurFFar

SBN (AWIPS):

m  Deterministic
e CONUS: 227 deterministic variables on 2 unique grids.
e Alaska: 231 deterministic variables on 3 unique grids.
e Hawaii, Puerto Rico, Guam: 110 deterministic variables.
m  Probabilistic HREF output
e CONUS: 193 probabilistic variables.
e Alaska, Hawaii, Puerto Rico: 190 probabilistic variables.
NOMADS:

§

| HH
L

fiEgEs
3

n
Y]
i

RRRRRR

HRRR CONUS

Office Note 338

o
Table B Grid 130 targets

NAM AK nest

NAM Hi nest

NAM PR nest

m Deterministic

e CONUS: 4000+ deterministic variables on 4 unique grids.
e Alaska: 2800+ deterministic variables on 3 unique grids.
e Hawaii: 1300+ deterministic variables on 2 unique grids.
e Puerto Rico: 1300 deterministic variables on 4 unique grids.
e  Guam: 390 deterministic variables on 2 unique grids.
m  Probabilistic HREF output
e CONUS: 305 probabilistic variables.
e Alaska, Hawaii, Puerto Rico: 294 probabilistic variables

*Thanks to Andrew Benjamin for this material
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H P C WCOSS2 Prod HWM (58.30% avg utilization, 93.37% peak)

GEFS-OPS
600000 - I GFS-OPS
Hypothetical high water - o
I HAFS-OPS
mark chart L
500000 -
Max Cores with
< 400000 2023 WCOSS-2 Upgrade
o)
2
§ g Max Cores in WCOSS-2
S 8 300000 -
g A
Bt A A ‘ !
200000 b o i | l '
| \ | ‘
\ ‘ d
\
| l | vu“
100000 - ! I
Ny '1 ‘
A t
0- - 1 [ 0 T 1 - 1 1
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Time of Day (UTC)
Al
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Summary AQUFSR20

 RRFS will be a major change:
« Looking to replace wide swath of operational CAM guidance
with a single, unified 3 km system covering North America

 Still have challenges to overcome, both scientific and technical, but
targeting a science freeze this Fall, and an implementation about a

year later. E——
Thank you! I
Questions? I
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