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1. The first years of the ECMWF ensemble: SV perturbations (1992-1998) 
2. Perturbations that simulate observation and model uncertainties (1999-2010)
3. Conclusions: perturbations in the global ensembles today 
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The +T forecast is given by the time 
integration of the equation of 
motions:

where the initial conditions 𝑓𝑓(0) are 
computed with a data-assimilation 
procedure.
Forecast errors arise from obs, DA 
assumptions, model imperfections 
and approximations. 
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𝑓𝑓 𝑇𝑇 = 𝑓𝑓 0 + �
0

𝑇𝑇
𝐹𝐹 𝑡𝑡 𝑑𝑑𝑡𝑡

Fc errors are due to uncertainties in obs, DAs, ICs, models
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Leith (MWR 1974) and Hollingsworth (ECMWF 1979)
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 “…  The averaging in Monte Carlo forecasting procedure has the effect of filtering out 
small scale structure for which there is little accuracy … A Monte Carlo forecasting 
procedure represents a practical, computable approximation to the stochastic 
dynamic forecast proposed by Epstein (1969). …” (Leith 1974)

 ”The results of these experiments are inconclusive because of the difficulty that was 
experienced in having the initial geostrophic perturbations survive the initialisation 
procedure” (Hollingsworth 1979).
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…. so we decided to test SVs in our ensemble

Singular vectors identify the 
perturbations with the fastest (total 
energy) growth over a 2-day period.
They are computed solving an 
eigenvalue problem:
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The SVs key characteristics (Tellus 1993; JAS 1995) 

Singular vectors:
• are spatially localized;
• have a larger 

component in potential 
than kinetic energy

• show a westward tilt 
with high, typical of 
baroclinically unstable 
structures.
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The SVs key characteristics (Tellus 1993; JAS 1995) 

At initial time, they have most of their 
(potential) energy on the small scales. 
As they grow, potential energy is 
transformed into kinetic energy. 
Energy flows from the smaller to the 
larger scales. 
In the vertical, perturbations propagate 
from the lower to the upper levels.
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Problems due to the absence of a PBL (Tellus 1993)

9



Roberto Buizza Perturbations in the ECMWF ensemble (ECMWF, 5/12/22)
October 29, 2014 10

T+24h
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The LIN/ADJ surface drag & vert diffusion (QJRMS 1994a)
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Localisation problems … 
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Without LPO



Roberto Buizza Perturbations in the ECMWF ensemble (ECMWF, 5/12/22)
October 29, 2014

Localisation problems were solved with a LPO (QJRMS 1994b) 
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Without LPO With LPO (30oN<lat<75oN)



Roberto Buizza Perturbations in the ECMWF ensemble (ECMWF, 5/12/22)
October 29, 2014

The LPO allowed us to compute targeted SVs (JAS 1999) 
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SVs localized in areas 
of baroclinic instability, 
as seen by comparing 
the ENS std with the 
Eady index (Hoskins 
and Valdes 1990:

(with static stability N 
and wind shear 
computed using the 
300- and 1000-hPa 
potential temperature 
and wind).

What do SVs tell us about the atmosphere? (JAS 1995) 
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Which metric is the most appropriate? (JAS 1998) 
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1992 > 1998: the first version of the ECMWF Ensemble
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In the first years of development of the ECMWF ensemble, we:
 Focused on initial perturbations;
 Decided to follow a ‘selecting sampling’ strategy based on SVs;
 Investigated the role of SVs in explaining the atmospheric dynamics;
 Explored the role of metrics, resolution, optimization time interval;
 Improved linear and adjoint physics; 
 Designed tools to improve reliability;
 Assessed the sensitivity to resolution and membership.

By exchanging results and ideas with the other two operational global ensemble 
groups (NCEP Washington, MSC Canada), we understood that we had to 
improve the way we simulated observation and model uncertainties. 
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1. The first years of the ECMWF ensemble: SV perturbations (1992-1998) 
2. Perturbations that simulate observation and model uncertainties (1999-2010)
3. Conclusions: perturbations in the global ensembles today 
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Are total-energy SVs the best perturbations? (QJRMS 1999) 
Total energy SVs identify the perturbations with the fastest total energy growth 
over a 2-day period:

They are not sensitive to observation/analysis errors.

Barkmejier et al (1999) developed a method to take into account analysis error 
statistics, by using the Hessian of the DA cost function as initial-time norm:

where B and R are the background and observation errors 
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𝐸𝐸0
− ⁄1 2𝐿𝐿∗𝐸𝐸𝐿𝐿𝐸𝐸0
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𝐶𝐶− ⁄1 2𝐿𝐿∗𝐸𝐸𝐿𝐿𝐶𝐶− ⁄1 2𝜈𝜈𝑗𝑗 = 𝜎𝜎𝑗𝑗2𝜈𝜈𝑗𝑗
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3D-Var Hessian and TE SVs (QJRMS 1999) 
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Stochastic simulation of model uncertainties (QJRMS 1999)
Following the Canadian example, in 
1999 ECMWF introduced a stochastic 
method to simulate model 
uncertainties :

In the scheme, the total tendency due 
to parameterized processes is 
stochastically perturbed.
The original scheme was later 
improved with the introduction of 
multi-scales (Palmer et al 2005).

20

r
𝑓𝑓𝑗𝑗 𝑇𝑇 = 𝑓𝑓𝑗𝑗 0 + �

0

𝑇𝑇
[𝐹𝐹 𝑡𝑡 + 𝛿𝛿𝐹𝐹 𝑡𝑡 ]𝑑𝑑𝑡𝑡



Roberto Buizza Perturbations in the ECMWF ensemble (ECMWF, 5/12/22)
October 29, 2014

How can we simulate the effects of the unresolved scales?
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Phenomena
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Two stochastic schemes to simulate model error (QJRMS 2005)
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After the introduction of SPPT and SKEB, the ECMWF ensemble perturbed 
equations included two terms :

∫ +++=
T

jjjjjj dttePtePteAdeTde
0
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( , , ) ( , ) ( , , ) ( , , )j j jP p r P p F pδ λ ϕ λ ϕ λ ϕ λ ϕΨ= +

SPPT: Stochastically Perturbed Parameterized Tendencies
(to represent uncertainty associated with parameterisations)

SKEB: Stochastic Kinetic Energy Backscatter
(to represent unresolved upscale energy transfer)



Roberto Buizza Perturbations in the ECMWF ensemble (ECMWF, 5/12/22)
October 29, 2014 23

The ECMWF Ensemble of Data Assimilations (QJRMS 2000)

The ensemble of data 
assimilations (EDA) has 
been designed to simulate 
obs-errors (obs are 
randomly perturbed) and 
model uncertainty (with 
stochastic schemes) in the 
assimilation cycle.
Since 2010, perturbations 
computed from the EDA has 
been used with SVs to 
simulate initial (and model) 
uncertainties). 
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The EDA-based perturbations

EDA-based perturbations 
have different characteristics 
than SVs:
• include smaller scales;
• are less localized in 

space;
• have a similar amplitude 

in potential and kinetic 
energy;
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Further ensemble configuration changes after 2010
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Today, synoptic-scale (T42) targeted SVs are still used, combined with EDA-
based perturbations to simulate the initial uncertainties. An upgraded version of 
the stochastic scheme SPPT is used to simulate model uncertainties. 
Throughout the years, ensembles have benefitted from upgrades in the model, 
the assimilation procedure, and the number and quality of the observations, 
Further changes in the ensemble configuration include improvements in the initial 
SVs and in the model stochastic scheme; coupling to the NEMO ocean model 
and seamless merging with the monthly; forecast length extension to 46 days; 
use of an ensemble of ocean analyses to simulate ocean initial uncertainties
Today, consistent/seamless ensembles are operationally used in analyses, 
reanalyses, medium-range, monthly and seasonal forecasts.
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Today: 3 classes of schemes are used to simulate initial unc
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a) Lagged - Based on the hypothesis 
that time-lagged analyses have the 
statistics of analysis errors

b) Kalman – Inspired by the Kalman 
Filter

c) Reduced sampling - Inspired by 
the analysis cycle and trying to 
identify leading error-growth 
directions

 Lagged Average Forecast

 Bred vectors
 Singular vectors (SVs)
 EOF
 STOCH perturbations

 Ensemble Kalman Filter
 Ensemble Transformed Kalman FIlter
 ET with Rescaling
 Ensemble Data Assimilation

The schemes used today in the global ensembles can be classified in 3 classes:
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Random 
Perturbed 
Parameters

Stochastic Perturbed 
Parameterization 
Tendencies

Stochastic 
Convective 
Vorticity

Stochastic Total
Perturbed
Tendencies

BMRC Australia (*)
CMA-BCC China
CPTEC Brazil
ECCC Canada
ECMWF Europe
JMA Japan
KMA Korea
MF France
NCEP US
MO U.K. (*)

Today: 4 classes of schemes are used to simulate model unc
The schemes used today in the global ensembles can be classified in 4 classes:



Roberto Buizza Perturbations in the ECMWF ensemble (ECMWF, 5/12/22)
October 29, 2014

Thank you very much … 
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