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I Sources of Predictability | @ Near

Initialized Prediction Forced Projection

I

< S2D >

< . S21 >

ean/GHG emission/land use

< S2S

— Predictability sources —

-pheric State
-‘- Season Year Decade Century

Weather Subseasonal Seasonal Interannual Decadal Climate

Timescales of prediction

Merryfield et al. (2020, 10.1175/BAMS-D-19-0037.1)
Meehl et al. (2021,10.1038/s43017-021-00155- x)
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Average DJF North American Response to El Nino
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Seasonal Temperature Outlook

Valid: Nov-Dec-Jan 2026-27
Issued: June 18, 2026

Valid: Nov-Dec-Jan 2026-27
ssued: June 18, 2026

Seasonal Precipitation Outlook
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Initialized Prediction

Time —

Condition
Uncertainty

Modified Figure from Slingo & Palmer (2011, doi:10.1098/rsta.2011.0161)




Initialized Prediction | @ Near

EEEEEEEEEEEE

~memno. 1 of 51+66h

“The advantages of ensemble forecasting became readily apparent
in the case of the October 1987 storm when Michael Fish, a BBC

4 weather forecaster, was famously quoted as saying ‘...a woman rang
the BBC and said she had heard that there was a hurricane on the
way. Well if you [the woman] are watching, don’t worry there isn't"”

Oy

Modified Figure from Slingo & Palmer (2011, doi:10.1098/rsta.2011.0161)
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Initialized Prediction | @ Near

EEEEEEEEEEEE

~memno. 1 of 51+66h

2

“The advantages of ensemble forecasting became readily apparent
in the case of the October 1987 storm when Michael Fish, a BBC
weather forecaster, was famously quoted as saying ‘...a woman rang
the BBC and said she had heard that there was a hurricane on the
way. Well if you [the woman] are watching, don’t worry there isn't"”

The great storm of 1987 was a violent
extratropical cyclone that occurred on the
night of 15-16 October, with hurricane-force
winds causing casualties in England, France,
and the Channel Islands as a severe
depression in the Bay of Biscay moved north
east. Among the most damaged areas were
Greater London, Kent, the East Anglian
coast, ... all of which weathered gusts with a
return period of 1in 200 years. [wikipedia]

.. there was:

Modified Figure from Slingo & Palmer (2011, doi:10.1098/rsta.2011.0161)


https://en.wikipedia.org/wiki/Extratropical_cyclone
https://en.wikipedia.org/wiki/England
https://en.wikipedia.org/wiki/France
https://en.wikipedia.org/wiki/Channel_Islands
https://en.wikipedia.org/wiki/Depression_(weather)
https://en.wikipedia.org/wiki/Bay_of_Biscay
https://en.wikipedia.org/wiki/Greater_London
https://en.wikipedia.org/wiki/Kent
https://en.wikipedia.org/wiki/East_Anglia
https://en.wikipedia.org/wiki/Return_period

10

Initialized Prediction

&

Z2A NCAR

OPERATED BY UCAR

D

~memno. 1 of 51+66h -memno.2of 51 +66h -memno.3of 51 +66h -memno.4of 51 +66h -memno.5of 51 +66h - memno.6of 51 +66h - memno.7of 51 +66h -memno.8of 51 +66h - memno.9of 51 +66h —memno. 10of 51 +66h

2

<3

~memno. 11 of 51 +66h

~memno. 120f 51 +66 h

~memno. 13 of 51 +66h

.-

~memno. 21 of S1 +66 h

<

~memno. 31 of 51 +66h

&&:
&
-

~mem no. 22 of 51 +66 h

Y
®

~mem no. 32 of 51 +66h

~memno. 23 of 51 +66h

A
§
.
S

~mem no. 14 of 51 +66h

~memno. 24 of 51 +66h

~mem no. 15 of 51 +66 h

~mem no. 16 of 51 +66h

~mem no. 17of 51 +66h

@

~mem no. 25 of 51 +66 h

R 43

~mem no. 26 of 51 +66h

®

~mem no. 18 of 51 +66 h

Uk

7

&)

@

@

~memno. 19 of 51 +66h

~mem no. 20 of 51 +66h

8

~mem no. 27 of 51 +66h

~mem no. 28 of 51 +66 h

~mem no, 29 of 51 +66h

~mem no. 33 of 51 +66h

R
N

v

@

.

»

V-

N\ £~

~mem no. 34 of 51 466 h

~mem no. 35 of 51 466 h

~mem no, 36 of 51 +66h

s’

980

N

N
&

AN

\

=

AN

o]

AN

v

A

N

\

~mem no. 37 of 51 +66h

~mem no. 38 of 51 +66 h

~mem no. 39 of 51 +66h

&

~mem no. 30 of 51 +66h

~mem no. 40 of 51 +66h

-

'~

N

<~

]

~memno. 41 of 51 +66h

~mem no. 42 of 51 +66 h

~memno. 43 of 51 466 h

~mem no. 44 of 51 +66 h

~mem no. 45 of 51 +66 h

~mem no. 46 of 51 +66h

~mem no. 47 of 51 +66 h

~mem no. 48 of 51 +66 h

~mem no. 49 of 51 +66 h

~mem no. 50 of 51 +66 h

&7

-

T

980

)
)

v

)

oy

L& |

| Modified Figure from Slingo & Palmer (2011, doi:10.1098/rsta.2011.0161)

.

v

)

N

@

=




D

OPERATED BY UCAR

Initialized Prediction | @ Near

%

Probabilistic Forecast <]
(Forecast Uncertainty)

Time — Model
Uncertainty
A/
A
Initial
Condition Deterministic
Uncertainty S~ Forecast

+ Initialized ensembles generate probability distributions of future states

+ Ensemble mean: most likely outcome (deterministic forecast, “signal” that is
common across ensemble members)

Modified Figure from Slingo & Palmer (2011, doi:10.1098/rsta.2011.0161)
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Forecasts of Opportunity & | @2 NCAR

Time —

@— Observed
oJoloHo
Skip Skip Forecast Skip

State-Dependent Prediction

Occasionally, we have time periods when the state of the Earth System can extend the limits
of atmospheric predictability beyond ~2 weeks — Forecasts of Opportunity

How do we know when these occur?



13

Forecasts of Opportunity

ssssssssssssss

1. Look at the spread of ensemble members
a. There can be a relationship between the ensemble member
standard deviation and forecast performance

i.  Only useful if the model is “r

Time — y

eliable”

Ensemble Member Spread

<

e

Ensemble Mem
4

ber Spread

—_—
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Forecasts of Opportunity
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1. Look at the spread of ensemble members

a. There can be a relationship between the ensemble member
standard deviation and forecast performance

2. Look at historical skill based on certain conditions

C.

CESM2

inits=14

CESM2

f.

ECMWF

inits=17

inits=13

Berner and Jaye 2026; under review

ECMWF

inits=40

inits=48
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Initialized Prediction

wa)sAg yye3 jo aje)s

b wN —~

Forecasts

Hindcasts

“Observations”

Time
1960 =3 2025

Initialize climate model simulations from best estimates of the Earth system state

Force the simulations with observed external forcings

Repeat steps #1-2 many times, to generate a collection of “hindcasts”.

Use hindcasts to evaluate model skill at predicting past change.

If model has hindcast skill, then forecasts (using projected forcings) of future change are more credible.



Initialized Prediction & 2 NCAR
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Probabilistic Forecast

(Forecast Uncertainty)
Time — Model

Uncertainty
A/
c——— 4
Initial
Condition —_— 7 I\
Uncertainty V\ !l /I
I

I

I I
Probabilistic Forecast _ > !
+ model bias N4

16 Modified Figure from Slingo & Palmer (2011, doi:10.1098/rsta.2011.0161)
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Initialized Prediction
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1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Year

17

Yeager et al. (2012, https://doi.org/10.1175/JCLI-D-11-00595.1)

Probabilistic Forecast
(Forecast Uncertainty)

Probabilistic Forecast _

+ model bias



Initialized Prediction: Evaluation of Hindcasts/Forecasts @x ZANCAR
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Forecasts

Hindcasts

“Observations”

wa)sAg yye3 jo aje)s

Time /

Deterministic: Anomaly Correlation Coefficient (ACC) Probabilistic: Brier Skill Score (BSS)

1960

> 2025

18
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Prediction Baselines

Time —
PY Observed
Persistence Forecast Outcome
Initial O o
Condition @ Mean
Uncertainty — Climatological
Forecast

Modified Figure from Slingo & Palmer (2011, doi:10.1098/rsta.2011.0161)
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Initialized Prediction in CESM | @ Near

2m Temperature: Precipitation:

(a) DJF Global Land . (a) DJF Global Land
09+t I CESM2(WACCM6)[5] |4 0.9+ I CESM2(WACCM6)[5] | -
0.8 [ CESM2(CAMG)[5] 08t [ CESM2(CAMG)[5]

' BN CESM2(CAM6)[10] || BN CESM2(CAM6)[10]

0.7 | CESM1(CAM5)[5] { 0.7¢ CESM1(CAM5)[5]

0.6 I CESM1(CAMS)[10] || 0.6t [N CESM1(CAMS5)[10]
Q7 ECMWF[11] ECMWF[11]
= 0.5 e CFSV2[4) 0.5} — CFSV2(4]

0.4r¢

0.3

0.2

0.1

0
Weeks 1-2 Weeks 3-4 Weeks 5-6 Weeks 1-2  Weeks 3-4 Weeks 5-6
« Much lower skill for precipitation than temperature

+ CESM systems comparable to CFSv2; slightly lower than ECMWF

2 | https://www.cesm.ucar.edu/working-groups/earth-system



Initialized Prediction in CESM & |

Nino3.4 Correlation Skill:

i. ALL init average

- ‘ T T - 1l
N | —— SMYLE (1970-2019)
] < --- SMYLE (1982-2016)

- -—-- NMME (1982-2016)
0.7 | )
0.5 e
0.3
0.1

1 3 5 7 9 11 13 15 17 19 21 23

CESM2-SMYLE is competitive with other leading ENSO
prediction systems (NMME, ECMWF)

2 | https://www.cesm.ucar.edu/working-groups/earth-system



Initialized Prediction in CESM
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05/01/1997 Initialization:

’ —~ CESM:
o /
L~ )

=3 —— HadisST
—— CESM2-SMYLE

4L
1997-01-15 1997-07-15

1998-01-15 1998-07-15

Monthly Nino-3.4 SST

1999-01-15 1999-07-15

CESM3

,oN W oa

=34 —e— HadISST
—— CESM3-SMYLE

-4
1997-01-15 1997-07-15

1998-01-15 1998-07-15

1999-01-15 1999-07-15

05/01/2007 Initialization:

Monthly Nino-3.4 SST

N W s

=3 4 —e— HadISST
—— CESM2-SMYLE

4
2007-01-15 2007-07-15 2008-01-15 2008-07-15 2009-01-15 2009-07-15

& a. Monthly Nino-3.4 SST

.
3
CESM3
2
. - /\

=34 —e— HadISST
—— CESM3-SMYLE

-4y
2007-01-15 2007-07-15

2008-01-15 2008-07-15

2009-01-15 2009-07-15

e Work is ongoing to assess the performance of CESM3 in “SMYLE"
configuration.

e Preliminary comparison of 10-member CESM3 to 20-member CESM2

reveals mixed results for Niino3.4

2 | https://www.cesm.ucar.edu/working-groups/earth-system



Initialized Prediction in CESM
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ACC, Sea Surface Temperature, OBS=ERSSTV5, Season=ANNUAL, (LY 1-5: 1957.5-2014.5)
LY 1-5 - LY 3-7

| [

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 ACC
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 AACC

High skill and clear benefit of initialization (e.g. North Atlantic)

(a)-(c) ACC of annual SST
(g)-(i) Acc differences between CESM-DPLE and CESM-LE

2 | https://www.cesm.ucar.edu/working-groups/earth-system

Seasonal to Decadal

DPLE - CESM1

Decadal Prediction Large Ensemble

Yeager et al. 2018

e |Initialized on November 1st
o 1954-2015

e 40-member ensemble

e 122-months simulations

DP-CESM2

e [nitialized on November 1st
o 1958-2023

e 20-member ensemble

e 122-months simulations
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Initialized Prediction in CESM &) | @ NCAR

ANN t2m/SST Residual Correlation (Smith et al. 2019)
Multi-model 71 members - verification period 1960-2025

Multi-Decadal

MD

MDP - CESM2
Multi-Decadal Prediction
e Nov 1st 1960-2015
o everybyrs
e 242-month simulations
e 10-member ensemble

Forecast Years

Forecast Years

w
o
S
=
=
wv
S
o
5
(e

2m Temperature/SST residual correlation reveals
promising impact of initialization even out to
forecast year 20

Forecast Years

24 | https://www.cesm.ucar.edu/working-groups/earth-system Nicoli et al. (2026, in prep)



Initialized Prediction in CESM
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Seasonal to Interannual

S2I

SMYLE - CESM2

Seasonal-to-Multiyear Large Ensemble

Yeager et al. 2022

Subseasonal to Seasonal

S2S

S2S Reforecasts - CESM2
Richter et al. 2022

e Weekly initializations

o 1999-2020 e Quarterly initializations
e 45-day simulations o 1st of Nov, Feb, May,
e 10-member ensembles Aug

o 1958-2020
e 24-month simulations

Land-Atmos Interactions e 20-member ensembles

e Meg Fowler

Seasonal to Decadal

DPLE - CESM1

Decadal Prediction Large Ensemble

Yeager et al. 2018

e |[nitialized on November 1st
o 1954-2015

e 40-member ensemble

e 122-months simulations

DP-CESM2

e |[nitialized on November 1st
o 1958-2023

e 20-member ensemble

e 122-months simulations

s | https://www.cesm.ucar.edu/working-groups/earth-system

Multi-Decadal

MDP - CESM2

Multi-Decadal Prediction
e Nov1st1960-2015
o everybyrs
e 242-month simulations
e 10-member ensemble



I Initialized Prediction... with CAMulator
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Initialized Prediction... with CAMulator @ Z NSAR
" I CESM2 I CESM2
I CAM6 0.6 I CAM6
[ CAMulator [ CAMulator
0.8
0.5
5 3
X O 04
£ o
g .
O
o 0.4 (8]
< < 0.2
0.2
0.14
Weeks 1-2 Weeks 3-4 Weeks 5-6 - Weeks 1-2 Weeks 3-4 Weeks 5-6
Week

Week

preliminary results from Abby Jaye

27
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CAMulator: pJr ENSO Week 3-4

Negative ENSO

DT 7 ot
&V 7 =

Neutral ENSO

e

CESM2

inits=199

CAM6

inits=195

CAMulator

inits=166

inits=35

preliminary results from Abby Jaye
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CAMulator: pJr MJo Week 3-4

Neutral MJO

CESM2

CAM6

CAMulator

inits=36 \ . 7/ inits=74 inits=49

preliminary results from Abby Jaye
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Two Types of Prediction Systems with CESM & | 2 NCAR
“Initialized”
« Skill comes from accurately simulating both forced & internal —
components @ o
- Expect improved skill for short timescales, small spatial scales | & Hindeasts . /~
. EXOmp|eS: % Observations
o CESM2 S2S (Richter et al,, 2021, 10.1175/WAF-D-21-0163.1) 3
o CESM2 SMYLE (Yeager et al., 2022, 10.5194/gmd-15-6451-2022) 5
o CESMI DPLE (Yeager et al, 2018, 10.1175/BAMS-D-17-0098.1) 3 s Time ozt

o
=]
.

“Uninitialized”
+ Skill from accurately simulating forced variability & change
« Expect skill for long timescales, large spatial scales
« Explore modes of variability
« Examples:
o CESMI LE (Kay et al, 2015, 10.1175/BAMS-D-13-00255.1)
o CESM2 LE (Rodgers et al., 2021,10.5194/esd-12-1393-2021)
o CESM3 (coming soont)

»
o
|

I

w
=]
|

observations

-
o
|

& 1850 control
] VMV Mped MAL

member 1

Global Mean Surface
Temperature Anomaly (K)
Lo o
o o
| |
T

L
=}
.

T T T T
1850 19201950 2000 2050 2100



I Weather vs Climate

Climate is the background probability distribution of weather

O
@
@
O
@ @ ©
@ @ @ @
® © .. @ @
“weather”
P
~ O
frequency § y @)
_extreme normal
- P

“climate”

32
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Weather vs Climate
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Goal of climate prediction is to anticipate changes in climate
(i.e. future weather statistics, not future weather events).

Volcanic Eruptions

‘4R s

Emissions

ENSO Cycles

- p._ Wakker il e pp—

ooooo

more extreme
weather events
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Climate Projection with Large Ensembles
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Large ensembles permit decomposition into forced vs. internal variability

N

w

/ https://esgf-data.dkrz.de/projects/mpi-ge/ \
#

Ensemble spread develops from slight
differences in initial conditions

Global Mean
Surface Temperature Anomaly (K)
_ N
||||[|||||||||I||l|||||||||||

o

I
.

Internal 4
Variability g

Forced| Predicted “signals” depend
Signal on forcing applied

1850 1950

Modified figure from Kay et al. (2015, 10.1175/BAMS-D-13-00255.1)

2000 2100



\

Forced vs Internal Variability & 2 NCAR
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Greenhouse Gases . .
- 5 Biomass Emissions

Volcanic Eruptions

R

Solar Cycles

Solar Cycles

‘Smoothed Sunspot Number




Forced vs Internal Variability & 2 NCAR

Greenhouse GCIS%S Oceanic Turbulence

g

. . Atmospheric Tur
Biomass Emissions "
|

=

Environmental .
Change

Volcanic Eruptions

m 7 4] y

El Nifo/La Nifia

Solar Cycles

Solar Cycles

‘Smoothed Sunspot Number

% | Projection Large Ensembles (“uninitialized”): skill = forced + predictable internal variability



Uninitialized: CESM3 (preliminary)
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Uninitialized: ENSO in CESM3 (preliminary)

Monthly Nino3.4 standard deviation
CESM3 BHISTC MTt4s 330br

151 CESM3

1.5

CESM3 BHISTC MTt4s 330br
1850-2020 — :

1850-2020 |

Fild I

better ENSO variance! N

ERSSTV5_1
1900-2020

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CESM2-LENS 1301.011

4 CESM2 tos020z0|

7 1850-2020

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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Uninitialized: MOVs in CESM3 (preliminary) & | 2 NCAR
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PNA Pattern (DJF) PSA1 Pattern (JJA)

ERA20c_ERAS_comb. ERA20c_ERAS_comb. ERAS ERAS_2
o o

1900-1959 S 19502023 = 1a0% 19792024 ) 150%
am e 1 @ 1057 on_-
y . N ¢ -

4 — 1

1900-1959 -
150w~ e 456k

ERA20c

2
150w

CESM3 BLT1850 355
w0

20 = %
15w e 08

0 90w

2w {
150w N .
w0 w0
CESM2 piControl A GESM2 piControl B CESM2 piControl A GESM2 piControl G
10 i3 o o
1801-1920 . 1601-1720 1801-1920 - 132w 14011520 . 29w
e " aw_s e =017 sow .

0 90w

120w
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Outstanding Questions S
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- How/where can we increase Earth System prediction skill?

o Machine Learning (emulation, post-processing)
o Resolution

o Initialization

o Physics

What are the coupled mechanisms at work in initialized ensemble prediction
simulations? What explains skillful (or unskillful) $2S2D predictions?
o E.g.whatrole does the land play in S2S prediction?

How can we enhance connections with potential end-users?
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Interested? Get Involved!

ssssssssssssss

* Analyze ESPWG datasets

* Propose new experiments that can utilize ESPWG compute allocation
» Share your work at future meetings

Website: https://www.cesm.ucar.edu/working-groups/earth-system/



Model Drift & Drift Correction Subpolar N. Atiantic Hest

a

1.25
1.00 —| Content FOSI
0.75 —
0.50 —
0.25 —| P
N\

« Biased models initialized from realistic states “drift” back towards o as oo W\ \
g5 '
model attractor 7050 \ {
:(1)(7)'3 : \ \\ \* \\/,
« Standard post-processing to remove hindcast drift: sl \\ N Y \/
-1.76 — = DP hindcasts

-2.00 IIIIIIllIIIlIlII|IIIllIll|IlIIlIIIIIIII]IIIIIIIIIIIIIII

N
o] r 1
ﬁT = flT - ft = ﬁT - Nz flT 1-25 b.—cons-lA .
1

100 o ———————— 20C After drift \

DP H
0.75 | E correction \

for hindcast samples i = 1 ... N and forecast lead time © o :ZZ ] f/f/

0.00 //3-\)/&\‘
-0.25 — WW
» Other more sophisticated methods have been explored: o

-0.75 LI L L L B L R L R

Kharin et al. (2012, GRL, https://doi.org/10.1029/2012GL052647) by T Aie 1O T 1tbE Ao o oo e 200
Meehl et al. (2022, CLI DYN, Caar
https://doi.org/10.1007/s00382-022-06272-7)

Yeager et al. (2012, https://doi.org/10.1175/JCLI-D-11-00595.1)



