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B outline

e Historical Overview

e Success of NWP during the past 30 years

 From Weather Prediction to Dynamical Seasonal Prediction
e Current Status of Dynamical Seasonal Prediction

 Model Deficiencies in Simulating the Present Climate

e Tropical Heating and ENSO Forced Response

« Model Fidelity and Prediction Skill

 Model Fidelity and Climate Sensitivity

e Factors Limiting Predictability: Future Challenges
v’ Data Assimilation and Initialization
v Biosphere, Cryosphere, Stratosphere Effects
v’ Seasonal Prediction in a Changing Climate
v’ Seamless Prediction of Weather and Climate
v’ Computational Power

e Suggestions for the Future
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ERA Forecast Verification
Anomaly Correlation of 500 hPa GPH, 20-90N
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ERA Forecast Verification
Anomaly Correlation of 500 hPa GPH, 20-90N
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for 3 and 5 days shade
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Schematic diagram illustrating the error growth in summer (red) and
winter (blue). The thick lines in both panels depict the rates at which
initially different states reach the boundary-forced state. The thin
lines show typical spread of forecasts initialized with slightly
perturbed initial conditions on day 0.
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ERA Forecast Verification
Anomaly Correlation of 500 hPa GPH, 20-90N
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[ and Differences between Successive Forecasts
Northern Hemisphere 500 hPa Height in Winter

R.ms.errors 2 =—————- R.m.s. differences

140 1981
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days
Current Limits of Predictability, A. Hollingsworth, Savannah, Feb 2003
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Evolution of 1-Day Forecast Error,
Lorenz Error Growth, and Forecast

Skill for ECMWF Model

(500 hPa NH Winter)

1982 1987 1992 1997 2002

» -
“Initial error”
20 15 14 14 8
(1-day forecast error) [m]

—

Doubling time [days] 1.9 1.6 i 1.5 1.2
—

Forecast skill [day 5 ACC ] 0.65 0.72 0.75 0.78 0.84

fO Ld.._,..-"""-""

- oh o R

Am ospher

UUUUUUU

ITY



ERA Forecast Verification
Anomaly Correlation of 500 hPa GPH, 20-90N

= = = = o= 2 SCORE REACHES 95.00 MA

== GCORE REACHES 60.00 MA

Forecast Day MA =365 Day Mov:ng Average

.~1

......4,...-..-..:..-..--

=~}
1

N
1
aesaey

—
1
H

JMMJSNJMMJSNJMMJSNJMMJSNJMMJSNJMMJSNJMMJSNJMMJSNJMMJSNJMMJSNJMMJSNJMMJSNJMMJSNJMMJSN
1980 1981 - 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993

I@ES

Center of Ocean-Land- % J‘ ~
Atmosphere studies ﬁ . CRJ_:W GEORGE
COLA @ sesises
Envirerment aod Watey
UNIVERSITY



B Effects of SST Anomaly

SST anomaly heating anomaly circulation anomaly
~ b5-7 days

. instability

0T (magnitude, structure)
. T (magnitude, structure) ~ 10-30 days
« V(xy,z): large scale flow
 Jd(conv., div.):

latitude regime (1)

L]

L]

+ location of 8Q w.rt. V

d0Q (magnitude, structure)

+ tropics: Hadley, Walker, monsoon
« extratropics: quasi-stationary
waves, forcings and instability
U(y,z): resonance, propagation
(3Q = dU)

—

0Q = d(Hadley) = dU = & (extratrop. stat. waves)
Forced Rossby waves
Normal modes
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Observed SST JFM83 Observed SST JFM89

IC: 12/89 IC: 12/89

IC: 12/83
IC: 12/83

When tropical forcing is very strong, it can enhance even the predictability of extratropical seasonal
mean circulation, which, in the absence of anomalous SST, has no predictability beyond weather.
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E’ Commentary

 Several NWP Models have comparable skill.

« Initial error growth has steadily increased, yet skill of five
day forecast has also increased.

« NWRP progress in past 30 years: Improved one day forecast.

 No scientific breakthrough (except ensemble forecasting).

« No enhancement of observations.

« Hard work, improve models, improved assimilation and
Initialization.

e Possible lesson for Dynamical Seasonal Prediction.
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From Numerical Weather Prediction (NWP)
To Dynamical Seasonal Prediction (DSP) (1975-2004)

*Operational Short-Range NWP: was already in place

*15-day & 30-day Mean Forecasts: demonstrated by Miyakoda (basis for creating
ECMWEF-10 days)

Dynamical Predictability of Monthly Means: demonstrated by analysis of variance
Boundary Forcing: predictability of monthly & seasonal means (Charney & Shukla)

*AGCM Experiments: prescribed SST, soil wetness, & snow to explain observed
atmospheric circulation anomalies

*OGCM Experiments: prescribed observed surface wind to simulate tropical Pacific
sealevel & SST (Busalacchi & O’Brien; Philander & Seigel)

*Prediction of ENSO: simple coupled ocean-atmosphere model (Cane, Zebiak)

*Coupled Ocean-Land-Atmosphere Models: predict short-term climate fluctuations

m
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Simulation of (Uncoupled) Boundary-Forced
Response: Ocean, Land and Atmosphere

INFLUENCE OF OCEAN INFLUENCE OF LAND
ON ATMOSPHERE ON ATMOSPHERE
— Tropical Pacific SST — Mountain / No-Mountain
— Arabian Sea SST — Forest / No-Forest (Deforestation)
— North Pacific SST — Surface Albedo (Desertification)
— Tropical Atlantic SST — Soil Wetness
— North Atlantic SST — Surface Roughness
— Sealce — Vegetation
— Global SST (MIPs) — Snow Cover

(Thanks to COLA!)
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Questions:

Have “We” Kept the Promises We Made?
What are the Stumbling Blocks?
What are the Prospects for the Future?
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Ninc34 1-Month Lead Prediction
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Verification Time

IRI Nino34 Forecast Archive
February 2002-September 2006

Running Seasonal Means

NDJOE
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Dynamic CGCMs Only

Nino34 6—Month Lead Prediction

Verification Time

Center of Ocean-Land- %

( Atmosphere studies ""'"
COI A W Cenler [ﬂr&nnwch n
Enviregoent aod Watey

2,



Womaly Prediction for Nino3.4

DJF 1981/82 to AMJ 2004

15-member CFS reforecasts
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DSIP Atlantic Seasonal Forecasts
July to Nov

Correlation=0.78( 1.00)
BMS Errar= 3.07( 4.56)

— FORECAST »=+#--  Observations 2 Standard Deviations

= Pg 0 PO =100 D
1 [ L

1993 1904 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
Year
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Commentary

25 years ago, a dynamical seasonal climate prediction was not
conceivable.

In the past 20 years, dynamical seasonal climate prediction has
achieved a level of skill that is considered useful for some societal
applications. However, such successes are limited to periods of
large, persistent anomalies at the Earth’s surface. Dynamical
seasonal predictions for one month lead are not yet superior to
statistical forecasts.

There is significant unrealized seasonal predictability. Progress in
dynamical seasonal prediction in the future depends critically on
Improvement of coupled ocean-atmosphere-land models,
Improved observations, and the ability to assimilate those
observations.
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Status of Dynamical Seasonal Prediction

1.Coupled O-A models (both complex GCMs and intermediate complexity
models) are frequently making skillful prediction of tropical Pacific SSTA
(NINO 3, NINO 3.4, etc) and the corresponding tropical circulation up to six
months. However, the skill is highly variable depending on IC, year (ENSO
events), model, ensemble size etc. Multi Model ensembles are most
skillful.

2.Even the prediction of ENSO is limited to a selective preconditioning of
wind stress, SST, and subsurface temperature anomalies in the equatorial
Pacific.

3.There is no robust evidence of skill in seasonal prediction of SSTA in the
Indian Ocean, the tropical Atlantic, or the extratropical oceans; or any
other planetary scale modes of atmospheric circulation (monsoons, NAO
etc.)

4.There is no robust evidence that dynamical seasonal prediction of surface
temperature and precipitation over North America is more skillful than
statistical models.
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B commentary

« The most dominant obstacle in realizing the
potential predictability of intraseasonal and
seasonal variations is inaccurate models, rather
than an intrinsic limit of predictability.

IIIIIIIIII



Mean Sea Level Pressure [hPa]
Bias: EXP(CNRM) regarding ERA-40 reanalysis
Forecast start month and years: August / 1958-2001

Mean Sea Level Pressure [hPa]
Bias: EXP(ECMWEF_ctrl) regarding ERA-40 reanalysis
Forecast start month and years: August / 1958-2001

FC period: months 4-6 (NDJ), ens: 0-8

—

Mean Sea Level Pressure [hPa]

Bias: EXP(MPI) regarding ERA-40 reanalysis
Forecast start month and years: August / 1969-2001
FC period: months 4-6 (NDJ), ens: 0-8

FC period: months 4-6 (NDJ), ens: 0-8

Mean Sea Level Pressure [hPa]
Bias: EXP(UKMO) regarding ERA-40 reanalysis
Forecast start month and years: August / 1959-2001
FC period: months 4-6 (NDJ), ens: 0-8
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Systematic Error: MSLP (NDJ)




1atic Error: Surface Temp. (NDJ)

Surface Temperature ['C] Surface Temperature ['C]

Bias: EXP(CNRM) regarding ERA-40 reanalysis Bias: EXP(ECMWF_ctrl) regarding ERA-40 reanalysis
Forecast start month and years: August / 1958-2001 Forecast start month and years: August / 1958-2001
FC period: months 4-6 (NDJ), ens: 0-8 FC period: months 4-6 (NDJ), ens: 0-8

Surface Temperature ['C] Surface Temperature ['C]

Bias: EXP(MPI) regarding ERA-40 reanalysis Bias: EXP(UKMO) regarding ERA-40 reanalysis
Forecast start month and years: August / 1969-2001 Forecast start month and years: August / 1959-2001
FC period: months 4-6 (NDJ), ens: 0-8 FC period: months 4-6 (NDJ), ens: 0-8
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NINO 3.4 Index (Observed and CFS)

HadSSTvl 1

50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78

Calendar year

CFS Iong run
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B commentary

« Models with high deficiencies in simulating
tropical heating produce highly deficient
extratropical response to ENSO

« Examples: ECMWF, NCEP, GFDL, COLA
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Thanks to Arun Kumar (CPC/NCEP)

MRF9
SEP-NOV Climatology (AMIP) SEP-NOV Climatology (CMP)
Surface Stress Surface Stress
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Total Precipitation
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MRFS8: high, middle, low clouds allowed to exist
MRF9: Only high cloud allowed to exist over regions of tropical deep convection
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Thanks to Arun Kumar (CPC/NCEP)

0BS . COMPOSITE

MRF8 COMPOSITE

0 60E 120E 180 120W 60W 0

60N{ C

SON1 MRF9 COMPOSITE

3051

608 -

]

MRFS8: high, middle, low clouds allowed to exist
MRF9: Only high cloud allowed to exist over regions of tropical deep convection
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" WTP/CNP - CTPWNP
- 515 hPa Height
(=) GOGA

Note: amplitude of
model response quite
weak; structure is PNA
rather than ENSO
forced

Vintage 1980
vy, NN CrE | AGCM
0 (Lau, 1997, BAMS)




Model Simulation of ENSO Effects
500 hPa height (meters) anomalies

ACC = 0.98

— | ]

-90 -30 30 90

Observed

NINO3 Warm(83,87,92) — Cold(85,89)

Vintage 2000
AGCM
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Probability Distribution
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inter (DJF) Rainfall Variance in AGCMs
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Hypothesis

Models with low fidelity in simulating
climate statistics have low skill in
predicting climate anomalies.

DelSole 2007 (research in progress)
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(Kleeman 2001; DelSole and Tippett, 2007)

* Measure of the “distance” between two pdfs

R = fa(x)log?dx

X

- f=climatology of model forecasts at fixed lead time, fixed initial time

« a = climatology of analyses (“observations”) (distribution of variable
in JFM, FMA, etc.)

«  For 1D normal distributions with mean p and variance o2

T -~
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Measure of Fidelity: Anomaly Correlation

ACC = correlation between forecast and
verification at each grid point

cov(F,A)

ofa

ACC =

Notes:

ACC is calculated from seasonal means for 1981-2001.

ACC measures joint variability (i.e. skill), relative entropy does not.
Relative entropy measures fidelity of climatological distribution.

ACC is not a spatial correlation, but a temporal correlation at each
grid point.
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DEMETER

« Demeter hindcasts downloaded from ECMWF'

« 7 models (CER, ECM, ING, LOD, MET, MPI, UKM)

« 9 ensemble members

« [nitial conditions: February 1, May 1, August 1, November 1
 ©6-month lead time

« 22 Years: 1980-2001

« 2m temperature over land

« Consider only 3-month means (JFM, FMA, . . ., OND)

Thanks to Emilia Jin for providing the DEMETER data.

e P~
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Mlculaﬁon Detalls

» Verification data: HADCRUTZ2 from CRU (Jones & Moberg)
« All data interpolated onto HADCRUTZ2 observation grid

* Relative entropy and anomaly correlation computed at each grid
point separately for 1980-2001.

« Grid point values of R and ACC averaged over selected regions.

~
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NAM (CC=-0.52)
20 O LA B Fidelity vs. Skill

2 . DEMETER 1980-2001
%15 . _ « Nov (-0.56) Seasonal Forecasts
W, ® Feb (-0.89)
® * May (-0.72) gy -
% o Aug (-0.76) 7 models, 4 initial conditions
® 5 '
o Lead Time = 0 months

0 1 1 1 1 L | 1 | 1

¢ BE 02 B 0D Fidelity and Skill are
related.
Globe (CC=-0.48)
“ « T | Models with poor
e e Nov (-0.39) i

§1 5 z | - Fois (.57 cllmatol_ogy tend to have
= z . | » May (-0.39) poor skill.
W4g . o ® Aug (-0.54)
2 . o - Models with better
3 5" e & climatology tend to have
= better skill.
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Anomaly Correlation .
DelSole 2007 (research in progress)
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Relative Entropy vs. Lead Time —
(IC=Nov; Seasonal Mean; Global Average) | — ecm
25 - . - . —
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Lead Time (months)
Note: Model errors saturate within the first season
DelSole 2007 (research in progress)
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Systematic errors of climate models can be
substantially reduced by empirical corrections
(e.g. flux correction, anomaly coupling,
nudging based on tendency error, etc.)

However, empirical corrections do not
consistently improve forecast skill.
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Mstanding Variations

IN Forecast Skill

« What is the Overall Limit of Predictability?

 What Limits Predictability?

— Uncertainty in Initial Conditions: Chaos within
Non-Linear Dynamics of the Coupled System

— Uncertainty as the System Evolves: External
Stochastic Effects

e Model Dependence?
— Model Error

IIIIIIIIII



Limit of Predictability of ENSO (Nino3.4)
Potential Limit of Predictability of ENSO
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0.8-
0.7
n Forecast Error
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annually & zonally averaged reflected sw radiation
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annually & zonally averaged sw radiation (AR4)

123.1 —
o
£ 104.5 —
=
97.7 |
853 —
- e I ] "
-1 -0.5 0 0.5 1
sin(lat)

» 101-106 W/m2 (Wild etal., survey)
» 107 W/m2 (Trenberth and Kiehl (ERBE)
> 101 W/m2 (CERES)
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Clouds as ultimate, rather than proximate, sources of bias

GFDLAM2
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Model Fidelity and Projections of Climate Change

J. Shukla, T. DelSole, M. Fennessy, J. Kinter and D. Paolino
Geophys. Research Letters, 33, doi10.1029/2005GL025579, 2006

ie n
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Surface Temperature Change (C)
w
o

2.0

0.0 5.0 10.0 15.0 20.0
Relative Entropy (Model Error in Simulating Current Climate)

Model sensitivity versus model relative entropy for 13 IPCC AR4 models. Sensitivity is defined as the surface air temperature change
over land at the time of doubling of CO,. Relative entropy is proportional to the model error in simulating current climate. Estimates of
the uncertainty in the sensitivity (based on the average standard deviation among ensemble members for those models for which
multiple realizations are available) are shown as vertical error bars. The line is a least-squares fit to the values.



N odel Fidelity and Projections of Climate Change

Relative Entropy: The relative entropy between two distributions,
p,(X) and p,(x), is defined as

R(ppp,)= I 2 log[p : J dbx (1)

Y 2

where the integral is a multiple integral over the range of the M-
dimensional vector X.

L2l
where * is the mean of p(x) in the kth season, representing the
annual cycle, 2j is the covariance matrix of p,(x), assumed
Independent of season and based on seasonal anomalies. The

distribution of observed temperature is appropriately identified with p,,
and the distribution of model simulated temperature with p,.

|
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R@Jhpzﬁ%log Zl (ThEThy (2)
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Surface Temperature Change (C)
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odel Fidelity and Projections of Climate Change

Interim Conclusion:

If we conjecture that models that better simulate
the present climate should be considered more
credible in projecting the future climate change,
then this relationship suggests that the actual
changes in global warming will be closer to the
highest projected estimates among the current
generation of models used in IPCC ARA4.

3 Center of Ocean-Land- .._,..-"""-“" /
I@®ES S (e SREW MiseR

IIIIIIIIII



Factors Limiting Predictabillity:
Future Challenges

Center of Ocean-Land- ﬁ s :
Y Center far Research on
Enviresment and Water
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Fundamental barriers to advancing weather and
climate diagnosis and prediction on timescales from
days to years are (partly) (almost entirely?)
attributable to gaps in knowledge and the limited
capability of contemporary operational and research
numerical prediction systems to represent
precipitating convection and its multi-scale
organization, particularly in the tropics.

(Moncrieff, Shapiro, Slingo, Molteni, 2007)
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eamless Prediction

Since climate in aregion is an ensemble of
weather events, understanding and prediction of
regional climate variability and climate change,
Including changes in extreme events, will require
a unified initial value approach that encompasses
weather, blocking, intraseasonal oscillations,
MJO, PNA, NAO, ENSO, PDO, THC, etc. and
climate change, in a seamless framework.
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Cloud System Resolving Global Models

1. Planetary Scale Resolving Models (1970~): Ax~500Km
2. Cyclone Resolving Models (1980~): Ax~100-300Km
3. Mesoscale Resolving Models (1990~): Ax~10-30Km
4. Cloud System Resolving Models (2000 ~):  Ax~3-5Km

Organized Cloud Mesoscale Synoptic Planetary
Convection System System Scale Scale

Convective Climate
I Al A SN 4

e

N iy
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NICAM (7-km) Obs. (Takayabu et al. 1999)
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MJO in High Resolution Model

(A) Infrared image from the Multi

Functional Transport Satellite (MTSAT-1R)
at 00:30 UTC on 31 Dec 2006.

(B) outgoing longwave radiation from the
3.5km-run averaged from 00:00 UTC to
01:30 UTC on 31 Dec 2006.

A Madden-Julian Oscillation Event Realistically Simulated
by a Global Cloud-Resolving Model.

H. Miura, M. Satoh, T. Nasuno, A. T. Noda, and K. Oouchi
Science, 1763 (2007); 318, DOI: 10.1126/science.1148443
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NOAA OLR, MTSAT TBB
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a Hypothetical “Perfect” Model

 Replicate the statistical properties of the past observed climate
— Means, variances, covariances, and patterns of covariability

o Utilize this model to estimate the limits of predicting the
sequential evolution of climate variability

« Better model —» Better prediction (??)

Sociletal Needs

 Regional climate prediction from days to decades
— Global cloud system resolving models are required

« Science based adaptation and mitigation strategies
— Billion to trillion dollar decisions to be made by policymakers

Optimum utilization of space and in-situ observation

3 Center of Ocean-Land- .._,..-d""-""
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olution in Climate Prediction
IS Possible and Necessary

Coupled Ocean-Land-Atmosphere Model ~2015

Assumption:
Computing power
enhancement by a
factor of 10°

~10 km x ~10 km (eddy-resolving)
100 levels

(Unstructured, adaptive grids)

e Improved understanding of the coupled O-A-B-C-S interactions

e Data assimilation & initialization of coupled O-A-B-C-S system

Center far Research an
Enviromment and Watey
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Petaflop with ~1M Cores By 2008

1Eflop/s =
100 Pflop/s
10 Pflop/s ¢
1 Pflop/s 19
100 Tflop/s 18
10 Tflops/s 7
1 Tflop/s 6
100 Gflop/s )
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1 Gflop/
opls g~

100MF|opIS}.|J||||||||||||||
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Data from top500.org
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Slide source Horst Simon. LBNL
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Challenges

Conceptual/Theoretical
Modeling
Observational
Computational
Institutional

Applications for Benefit to Society

Center of Ocean-La d ﬁ JA CREW
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WGhallengeS

Conceptual/Theoretical
ENSO: unstable oscillator?
ENSO: stochastically forced, damped linear system?

(The past 50 years of observations support both theories)
— Role of weather noise?

Modeling
« Systematic errors of coupled models - too large

« Uncoupled models not appropriate to simulate Nature in some
regions/seasons: CLIMATE IS A COUPLED PROCESS

« Atmospheric response to warm and cold ENSO events is
nonlinear (SST, rainfall and circulation)

o Distinction between ENSO-forced and internal dynamics
variability

C }:W bﬁg)RGE

Center far Research an
Enviresouent and Watey
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Challenges

Observational

Observations of ocean variability
Initialization of coupled models

Computational

Very high resolution models of climate system need million fold
Increases in computing

Storage, retrieval and analysis of huge model outputs
Power (cooling) and space requirements-too large

Center of Ocean-Land- .._,...-"""‘-
Atmosphere studies N — M R W /GEO
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WChallenges

Institutional

« Development of accurate climate (O-L-A) models, assimilation
and initialization techniques, require a dedicated team with a
critical mass of scientists (~200) and resources (~=$100 million
per year: $50M computing; $30M research; $20M experiments)

 Climate modeling and prediction efforts should be 10 times NWP
but is currently only ~10% of NWP

Applications for Benefit to Society

« Educate the consumers about the limits of predictability
(uncertainty and unreliability)

 Decision making and risk management using probabilistic
predictions

C EW bﬁg)RGE

Center far Research an
Enviresouent and Watey
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“actors limiting the current
skill of forecasts:

® Model flaws

® Flaws in the way the data is used

(data assimilation and initialization) PREDICTIVE SKILL MEASURED BY NINO3.4 SST ANOMALY
1.0
0.9
® Gaps in the observing system  &°
E 0.6
= 041 ~—
® Inherent limits to predictability = 2 —— o76-10s S
forecast skill is different in different decades: £ °] ————-e-s ‘
some times are more predictable than others  ~ | S
D'ﬂ{} 1 2 3 '4 5 '5 '? :E. '9 1;:) 1'1 12
Lead Time (months)
Courtesy of Mark Cane (TTA/ICTP, 2008) Chen, et al 2004 Nature
enter of Ocean-Land- W._,.-"_“- s :
I@S CAtmos;rgrestulaiesd W "‘A C EW //GEORGE
COLA \@ i MAS
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International Research and Computational
Facility to Revolutionize Climate Prediction

Examples of International Collaboration

 CERN: European Organization for Nuclear Research (Geneva,
Switzerland)

 |ITER: International Thermonuclear Experimental Reactor
(Gadarache, France)

o |ISS: International Space Station
(somewhere in sky..)

I®ES s s e R
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nternational Research and Computational
Facility to Revolutionize Climate Prediction

1. Computational Requirement:
- Sustained Capability of 2 Petaflops by 2011
- Sustained Capability of 10 Petaflops by 2015

Earth Simulator (sustained 7.5 Teraflops) takes 6 hours for 1 day forecast
using 3.5 km global atmosphere model; ECMWEF (sustained 2 Teraflops)
takes 20 minutes for 10 day forecast using 24 km global model

2. Scientific Staff Requirement:

- Team of 200 scientists to develop next generation climate model
- Distributed team of 200 scientists (diagnhostics, experiments)

A computing capability of sustained 2 Petaflops will enable 100 years of

integration of coupled ocean-atmosphere model of 5 km resolutionin 1
month of real time

3 Center of Ocean-Land- .._,..-d""-""
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International Research and Computational
Facility to Revolutionize Climate Prediction

 There is a scientific basis for revolutionizing
climate prediction

« The problem is beyond a person, a center, a
nation ...

e International collaboration is required

I@ES e e R

' W PL/GEORGE
Center far Research an
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B sunmay

Models that better simulate the present climate produce the
highest values of global warming for the 215t century.

Models with low fidelity in simulating climate statistics
have low skill in predicting climate anomalies.

Revolution in climate prediction is necessary and possible.

Seamless Prediction: From cyclone resolving global
models to cloud system resolving global models

Center of Ocean-Land- % ﬁ ™ ~
Atmosphere studies e C l_:w GEORGE
C I q W Center for Research on N
Envirerment aod Watey
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They say they
want a revolution

Climate scientists call for major new modelling facility.

imaalagists have called for massive invest-
menl by computer and research pesolces 1o
felp revolutionize modelling capabilities. The
senitual abn 18 to provide probabilis climate
predictions thay are as useful, and usable, as
weather fisrecasts,

At theend ala foar-duy summit b st week
at the Furopean Centee for Mediom-Range
Weather Forecasts in Remcing, LK, the scientists
i the casg for a climate- predictbon prosect
an the scale af the Human Genome Project. A

— tospeeds in the hundreds of petatlops —
wootld] allow modellers o study stoulations at
thye kilometrs scale, enshling better predictions
oy Uhe activity of urricones and, evemually,
the local desp convection that transfers much
energy bvto the upper atimosphere (see A real
sodution? 1, This research could then be fed
o aperational models,

The scientists think they could answer at
lesasst aomne af the bag' questions on the sﬂ'u.l s
of global warming i the technokogy was av

By conmponent lll'lhn 54.|:'|L1|‘|L. which would — able. But matlonal dimate-model

-ast somethi ballinn de) by acaby, Db Mo (Wi S Elery

Lars, would be w d b

research facilil

weF pawet far We n ee to e AL

rently used in H I meling.
weios| — Dreathtakingly bold” i

theeflects ol g lastest

reghons will b it the

:|‘1 pahility Leo Donner iy L

lezast ki prart r.mklg.

Today's climate IT|':I\.||.|HAR un o I.I"IT|F‘I.I|=‘I"
i the 10-teraflop range, meaning they are
capable of 10 trillion operations a second.
Drespite this speed., madelson these consputers
wre still coarse-grained, cutting the world inta
zells more than 100 kilometres acsoss.

Increasing computing power [L,000 times

A real solution?

in terms of some of the calculations that vene
goding to do bn order 1o push the climaste-pre-
diction effort forward,” says Leo Donner, a
physical scientist a1 the Geophysical Fluid
Trymamics Lahamtary of Princeton University,
iew Jersey. Antonso Navarea, a climate model -
ler at the Nati Institute of Geophysics and

Ressparchess broen around tha wardd ©
gathered inReading, UK, for the summst.

Yideanalogy in Bolagna, laly, spells out the
tmplacation: “We're reaching the polnt where
naticnal resources are insufficient 1o answer
e scientific questions”

Maore meney and culting-eslge challenges
wortld also provide some hope of retaining
highly trained programmers with expertise in
clumate modelling, Confenence chalr Jagadish
Shukla of the Institute of Glohal T

Ml

respurce is “decreasing faster than the sea ice”
as ataffare lased fromm rescarch by the Anan-
al rewards and job security provided by
companies such as Google

Addressing the summit an its apening
day, ecomoindst Jeffrey Sachs, the director of
the Earth Institute at Columbia University,

I5 the answar o climats
prediction sittirg in your pecket?
Lenny Cilikes, Jonn Shalfand
Michasd Wehner of the Lawrence
Herkelay National Laboratony
n Califonnia thenk it could be
In & proposad discussed at the
Reading climate-madeling
sumenit {see main story] thay
sugeest thak the wery small
orocessars inmabile phones
mignt e ideal comgponants for
very large climake compubers = if
20 m#ian of thern could be wired
together i the right way

Tio run @t thee sort of
Blometre-scak resolution
that could accuralely modal
choud proesses, they argle, a
computer has to be abde ko e

at & sustained speed of anound
W petaflops, and & peak spead
of perhags 20 imes that or
miore, If bullt with traditicnal
high=parfonmance chips such
a5 AMALY's Opteron or Intel's
Xeon, such amachine would ba
extremely Exnansive and powern
hungry — perhaps requiring
a5 much as 104 megawalls,
Frocessors developed for call
phones are small — less than
a souare milkmetre inarea

ard frigal in their power
requisemants, neading kss than
a tenth of & watt each, These
advantages, the researchers
argus, Fa'uutwei@ fhe slowes
spead # whkch SUCh processers
wvaork and would permit

cornstructon of a multl-petafiop
cornputer that was much
cheapes both to build and to run

In s ways this s an
axtrapolation of the approach
Ehat F8hA has taken to As
suceassiul Blue Gene line of
sUpsTorpubers, wiich atso rely
on many refativaly small and slow
precessars. Bul i goes further in
the shear rumber of processors
and inan architecture designed
spacifically for the demands of
climate caloulatians, rather than
EBreral-purpose computing.

Par My barg of Seattle-basad
supercamputer makers Cray
which, e rivals IBM and NEC,
s 5pEakers Lo the summit with
aneye bo business opportundies

was unserstandably scaptaca
"o can Coime up with back-
of-an-envefops calculations
abeut how chealy yo can
build & computer bt you have
fo b2 very, wery careful” He
angues that radical approaches
can founder on software and
on efficiency otusage, witha
usedud rate of umber crunching
far balow the peak speed. And
1 the maching daasn't wark
a3 advertised, the axpanse
of develaping programs for
Itcould be wasted, Wahnar
acknowledges tha risks, but
thénks careful prokctyping
and code develogment could
minimize thea. “¥We should build
Itand see,” e sy, Oliver Merbon

Mew York, said that there would be "2 lat of
Iiterest aine polithclans b investing the
hundreds of millions of dollars necessary, it
scleniists can provide answers to key ques-

tions... such as future fmad sapply Aliheagh

EOVEETINELS Are 1huuh';-us\mm-uu’l’undn;,

Lawrence Gates, a now-retired climate scientist
from the Lawrence Livermore Nathonal Labora-
oryi 1E'.nlif:rn'u.mg«lthe..llhm:lfn:ﬂncq‘lur:.'
philamthrophe options.

How ||n.rmsn.-dm\;|.'iluwul isdivided hetween
dlities and existing ones s likely 1o ke
ersial. Some fear that a single glahal
e could threstens national centnes, poden-
tially taking the enus off governments Lo fund
the institutions that are closest e stakehalders
and could be expected to provide the predic
tiems thast have most real-world wse “Everyane
is agreed that thene needs to be a substantial
irrvestiment in climate modaling. but whethera
simghe centre s the solulion isanother gquestion.
There may be cther ways” says John Mitchell,
thee chief scientis an the Met Office. Dionner says
that a shetch, prosented on theconferense's last
ilay, af how the global facilivy might G it the
research warkd “sems to relegate national cen-
trees o litthe mose than distribastors of daka”

Howieer, Shwikla was adamant that “every sci-
encee breabathrongh leads o the fonmation of an

State of thaart:
amoced {|ef)
Aroim Hha LK
Mational Centre
lor Atmaspheric
Seience and the
Mol Offeco runming
an fapan's Earth
Simulatar.

a darwinian change in the way we are working
and weshouldn be afradd of that” says Mavarea
The meeting conbst have come Lo grief on such
laffereisces, according 1o Julia Slisgo, the directior
af theCentre for Glokal Atmaspheric Moddling
at the University of Reading i 1 el thee
bewell ol comsensizs, she says, Tantastic’

Warious atten does expressed frustration af the
fact that the new facility coudd not be funded
ey o the bass of the worl d-class schence it
ek die— aned indeed the fact that it wenuld pro-
<Iu|.. greal pesearch might count against it mak-
L seemn more like 2 "boy for the beys™ than a
polbcy-nfoeming msteunsent.

“If we just ask for enhanced under-
standing, then we have very lile chance

(T

¥ e

of getting the necessary funding,” I i
£

warned Shukla, But as Mitch Mo rielf
Froan BMCAK pul it " we need a quanlum
leap in research 1o provide better pro-
dictions, even if the politicians dont
get that” And there was widespread
agreement that they need to get it Fast.
“We need o revolution as it has got to

b dlone extremely gquackly”, said Brian

Hoskins, director of the Grantham

Tnstituate for Clamate Change at baperial

College London, UK u

Dlive Heffernan

—_—
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THANK YOU!

ANY QUESTIONS?

Center of Ocean-Land- ﬁ s :
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www. nature.com/natura

nature

Vol 453 | lssue no. 7193 | 15 March 2008

The next big climate challenge

Governments should waork together to build the supercomputers needed for future predictions

that can capture the detail required to inform policy.

ion and policy than computer models of Earths climate. These

mdels, which unanimously show a rising tide of red as tem
peratures dimb worldwide, have been key over the past decade in
Ferrging the scientific amd political consensus that global warming is
A grave danger.

Mow that that consensus i€ all bur universal, chimate modellers
are looking to take the next step, and to convert their creations from
larbingers of dosm to teols of prectica pelicy. That mews making
their simulations good encugh to guide hard decisions, from targets
|-:!nr Lﬂr])l\|1 IJiII'.l.i':I.L' EITISS0NS on a EI(I['IH.I KLH.II'.' 4 ||1I.' il.ljilil‘il.'i(llﬁ
required to meet changing rainfall and extreme weather events on
I'I.‘Ei':IIIIIJ i||1l.| I':II'.'JJ ﬁl'.'-l.lll.'*.

Todday's modelling efforts, though, are not up to that job. They
all agree on the general direction in which the climate wall move
as greenhouse gases build up, but they do not reliably capture all
thee muances of odayv's climate, let alone tomoerrow Moreover, each
meodel differs from reality in different ways.

I was in recogmition of thisthal across sectiom of dimate modellers
gathered for 8 summil” at the European Centre for Medium-Range
Weather Forecasts in Reading, LUK, Tast week [see page 268). The
meeting called for an ongring project aimed at understanding and
mindelling the climate svstern well enough to provide the sorts of
prediction that pelicy-makers and other stakehaelders need — or,
al the very least, to show why such prediction might not, in fact,
b achievable. Key to this project would be one or more dedicated
facilities o ||T|."ri113 wirld-class compultal ional resources o the climate
madelling community:

Fuw scienlific creations have had greater impact on public opin

A clear resolution
Those resoarrces are notably lacking at the moment. The words very
fastest computers ran at hundreds of teraflops (which is to say, hun-
dreds of trillions of mathematical clin.'rﬂliclnsuml.l'-nﬂ_l.u:lnﬂ the First
forays inte the petaflop range are expected by the end of the year. But
todday s climate models rarely run on machines that can manage more
than a few tens of teraflops, This translates into spatial resolutions
of a hundred kilemetres or o, There was a general agreerment at the
syymimit that more realistic models will require resolutions in the tens
of kilemetres, atleast. And even higher resclutions — a kilometre or
less, say — may well be neaded to handle such critical issues as cloud
formation realistically. Hence the need for computers a couple of
generations bevond the corrent state of the art,

Meeting this need ks not just a matter of buying a supercompuier.
It means moving dimate modelling up the petaflop pecking order
for & sustained perlod of time. One plausible goal might be to assure
that the mest powerful supercompater in the public realm should be
dewoted to climate work by 2012, and that the felds lead should be

KRS, b, SO o SR RN TR, pld TR kit E Rt LT rCLE RS, S dr . R L B Ry

all, e Festest computers are nearly alwiys paid for out of the world's
public purses, often for use in areas of national security such as com-
mumications intelligence or nuclear weapons design. And dlimate
prediction is a national security issue ifever there was one.

IF funding agencies were o embrace such a goal, the implica

tions would go well beyond meney. Profound changes would be
required of the commumity itsell. Because the cost over a decade
or more might exsily top a billion . T
dlellars, such am investment in cul "ChmafEPﬂdlCllﬂﬂ 154
ting-edge climate modelling would — national security issue if
all but certainly have to be dome  pyar thera was one.”
multinationally, o1 even globally.
This would |u|'|| climate r.|||'-|3|.']|i:||.i|_:in1-:| the world clf']:-ig science
alomggide space telescopes and particle socelerators — a transforma-
i thiat would rec|uire new, anil ]hclxxihh- |J:|sr1|].~1:|'n.'. imatituticaal
HT[&I'IE','I.'"D'IL‘I'.I[’S.

Living large

Aware of budgetary realities and the history of scientific centraliza
tions, national centres of climate medelling and expertise such as
Britain’s Hadley Centre or the Us National Center for Atmuospheric
Research might reasonably see the development as a threat. Inter-
naticnal collaborations such as CERN — the European particle
physics laboratory — and the Eurepean Sonthern Observatory have
serrve] e scientific communities of their member states well, vet have
undoubtedly taken their toll an national facilities. With the upcoming
i|1:||.1|:|;||.r.1[i.<rn clflhu]arg\u Hasbron Callider (LHC ai CERM, Fum]:u:
will have the worlds best particle-physics facility — but it will have
wery few ofits mhr_'r|mrli|.|r_' Elh:.lxius facillities.

This analogy is not, however, fully convincng. Building an LHC
dloes not make it significamtly easgier to build lesser accelertors. But
advances in supercormputing do make it easier to build computers
r'||rn1|.'r|?' known AE UL A ]N:luﬂl'-r! weill seserm slow im less than a
decade. A world facility where teams of researchers try out very
high resolutions and new technlques, and where software englneers
and programmers learn how to get the most ow of bleeding-edge
hardware, will require a network of more modest centres around the
world fram which to draw its problem-list and into which to feed its
insights. A range of operatbonal cimate-peediction capabilities could
hetp keep modelling close 1o stakeholders’ needs, and lessen the all-
egps-tn-one-basket group-think rsk of a global facility.

An ambitions dimate-modelling fcility dedicated to solving prob-
lerns beyond the capability of today's natlonal programmes carrbes
risks, bt they are risks worth taking, The worlds governments — and
evien, concelvably, its high-tech philantheopisis — should 1sten to the
madellers, Big science is often, and gloriously, justified on the basis
of pure intellectual excitensent. This field offers that — and a chance
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“Climate prediction is a
national security issue if
ever there was one”




Challenge

The world recognizes that the consequences of global climate
change constitute one of the most important threats facing humanity.
The peoples, governments, and economies of the world must
develop mitigation and adaptation strategies, which will require
investments of trillions of dollars, to avoid the dire consequences of
climate change. The development of reliable, science-based
adaptation and mitigation strategies will only be possible through a
revolution in regional climate predictions, supported by appropriate
climate observations and assessment, and the delivery of this

information to society.
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w Summit Declaration

1.Considerably improved prediction of the changes in the
statistics of regional climate, especially of extreme events and
high-impact weather, are required to assess the impacts of
climate change and variations, and to develop adaptive
strategies to ameliorate their effects on water resources, food
security, energy, transport, coastal integrity, environment and
health. Investing

today in climate science will lead

to significantly reduced costs of

coping with the consequences

of climate change tomorrow.
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" Summit Declaration

2. Despite tremendous progress in climate modeling and the
capability of high-end computers in the past 30 years, our ability to
provide robust estimates of the risk to society, particularly from
possible catastrophic changes in regional climate, is constrained
by limitations in computer power and scientific understanding.
There is also an urgent need to build a global scientific workforce
that can provide the intellectual
power required to address the
scientific challenges of predicting
climate change and assessing its

iImpacts with the level of

confidence required by society.
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Summit Declaration

3. Climate prediction is among the most computationally

demanding problems in science. It is both necessary and
possible to revolutionize regional climate prediction: necessary
because of the challenges posed by the changing climate, and
possible by building on the past accomplishments of prediction
of weather and climate. However, neither the necessary scientific
expertise nor the computational capability is available in any

single nation. A comprehensive international effort is essential.
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Summit Declaration

4. The Summit strongly endorsed the initiation of a Climate

Prediction Project coordinated by the World Climate Research
Program (WCRP), in collaboration with the World Weather
Research Program (WWRP) and the International Geosphere-
Biosphere Program (IGBP), and involving the national weather
and climate centers, as well as the wider research community.
The goal of the project is to provide improved global climate
information to underpin global mitigation negotiations and for

regional adaptation and decision-making in the 21st century.
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World Climate Research Programme
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Summit Declaration

5. The success of the Climate Prediction Project will critically
depend on significantly enhancing the capacity of the world’s
existing weather and climate research centers for prediction of
weather and climate variations including the prediction of
changes in the probability of occurrence of regional high-impact
weather. This is particularly true for the developing countries

whose national capabilities need to be increased substantially.
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Summit Declaration

6. An important and urgent initiative of the Climate Prediction

Project will be a world climate research facility for climate
prediction that will enable the national centers to accelerate
progress in improving operational climate prediction at all time
scales, especially at decadal to multi-decadal lead times. This will
be achieved by increasing understanding of the climate system,
building global capacity, developing a trained scientific

workforce, and engaging the global user community.
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Summit Declaration

7. The central component of this world facility will be one or more

dedicated high-end computing facilities that will enable climate
prediction at the model resolutions and levels of complexity
considered essential for the most advanced and reliable
representations of the climate system that technology and our
scientific understanding of the problem can deliver. This
computing capability acceleration, leading to systems at least a
thousand times more powerful than the currently available
computers, will permit scientists to strive towards kilometer-
scale modeling of the global climate system which is crucial to
more reliable prediction of the change of convective precipitation

especially in the tropics.
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8.

Summit Declaration

Access to significantly increased computing capacity will enable
scientists across the world to advance understanding and
representation of the physical processes responsible for climate
variability and predictability, and provide a quantum leap in the
exploration of the limits in our ability to reliably predict climate
with a level of detail and complexity that is not possible now. It
will also facilitate exploration of biogeochemical processes

and feedbacks that currently represent a
major impediment to our ability to make
reliable climate projections for the 21st

century.
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Summit Declaration

9. Sustained, long-term, global observations are essential to

initialize, constrain and evaluate the models. Well
documented and sustained model data archives are also
essential for enabling a comprehensive assessment of climate

predictions. An important component of the Climate Prediction

Project will therefore be an accessible archly_g of. observau@_s

and model data with appropriate user |ﬁter“ and kgﬁﬁledg

discovery tools.
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Summit Declaration

10. To estimate the quality of a climate prediction requires an

assessment of how accurately we know and understand the
current state of natural climate variability, with which
anthropogenic climate change interacts. All aspects of
estimating the uncertainty in climate predictions pose an extreme
burden on computing resources, on the availability of
observational data, and on the need for attribution studies. The
Climate Prediction Project will enable the climate research
community to make better estimates of model uncertain/ \

assess how they limit the skill of climate predictions.
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Summit Declaration

11. Advances in climate prediction will require close collaboration

between the weather and climate prediction research
communities. It is essential that decadal and multi-decadal
climate prediction models accurately simulate the key modes of
natural variability on the seasonal and sub-seasonal time scales.
Climate models will need to be tested in sub-seasonal and multi-
seasonal prediction mode also including use of the existing and
Improved data assimilation and ensemble prediction systems.
This synergy between the weather and climate prediction efforts
will motivate further the development of seamless prediction

systems.
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Summit Declaration

12. The Climate Prediction Project will help humanity’s efforts to cope
with the consequences of climate change. Because the intellectual
challenge is so large, there is great excitement within the scientific
community, especially among the young who want to contribute to
make the world a better place. It is imperative that the world’s
corporations, foundations, and governments embrace the Climate
Prediction Project. This project will help sustain the excitement of the
young generation,

to build global capacity, especially
in developing countries, and to
better prepare humanity to adapt
to and mitigate the consequences

of climate change.
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Models that better simulate the present climate produce the
highest values of global warming for the 215t century.

Models with low fidelity in simulating climate statistics
have low skill in predicting climate anomalies.

Revolution in climate prediction is necessary and possible.

Seamless Prediction: From cyclone resolving global
models to cloud system resolving global models
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THANK YOU!

ANY QUESTIONS?
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