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Science of predictability 

• What kind of forecast is reliable? 

1. Thunderstorm 

2. Seasonal forecast (cold winter this year?) 

3. Ocean tide 

4. Solar eclipse 

5. Stock price 

6. Who you will marry 

 

• What characterizes the reliability of forecast? 



Sensitivity to initial conditions 

• Perturb the initial conditions and run the multiple 

forecasts (a.k.a. ensemble forecasts) 

 

T=t0 T=t1 

P 

T=t0 T=t1 

P 

Less certain More certain 



Chaotic dynamical system 

More predictable 

Very unpredictable 

Less predictable 

Lorenz (1963) found the deterministic chaos. The Lorenz’s 3-variable 

system shows strong sensitivity to initial conditions. 



Think about the predictability again. 

• What kind of forecast is reliable? 

1. Thunderstorm 

2. Seasonal forecast (cold winter this year?) 

3. Ocean tide 

4. Solar eclipse 

5. Stock price 

6. Who you will marry 

 



How to perturb initial conditions? 
• We cannot afford a large ensemble, so we need to be efficient, so 

that we get the most from a limited ensemble. 

• Singular Vector (SV) approach 

– Fastest growing mode for a chosen measure 

– Lanczos algorithm requires the adjoint model. 

– Disadvantage: strong sensitivity to the choice of the measure 

– ECMWF, JMA 

• Bred Vector (BV) approach 

– Simple, relatively not sensitive to the choice of measure 

– Similar to final (evolved) singular vector 

– Kalnay and Toth (1994), previous NCEP EPS 

• ETKF approach 

– Directly representing the analysis errors 

– UK, Canada 

– NCEP is using ET, a similar concept but simplified approach 



SV (Singular Vector) 

SV is defined for a linearized model L, 

the Jacobian of the full nonlinear model. 

A.k.a. the tangent-linear model (TLM) 

 

Lanczos algorithm repeatedly apply 

the operator LTL to find the fastest 

growing mode, i.e., the SV. 

We measure the length of the vectors 

with a certain norm. 

It is known that SV is generally 

sensitive to the choice of the norm. 



Example of SV 



BV (Bred Vector) 

BV is a simple nonlinear 

generalization of the 

Lyapunov vector (LV), 

which is defined for a 

linear model. 

After several Breeding cycles, BVs are obtained. 

rescaling norm 

cycling interval 

Two parameters for 

the breeding cycle 



Example of BV 

24 h 



SV for the same case 



Ensemble Kalman Filter (EnKF) 
Obs. 

Analysis ensemble mean 

T=t0 T=t1 T=t2 

Analysis w/ errors FCST ensemble mean 
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𝑃𝑎 = 𝐼 − 𝐾𝐻 𝑃𝑓 

Considering flow-

dependent error and 

observation error 



EPS products 

This kind of maps 

are available 

globally for all 

variables at all 

levels. 



Ensemble mean 

Ensemble mean forecast is 

generally more skillful than the 

single deterministic forecast. 

Weakness: the ensemble mean is 

vulnerable to nonlinearity and non-

Gaussianity. 



Spread and spaghetti plot 

EPS provides the uncertainty estimates. 



Further challenges in EPS 

• Considering the other error source: model error 

– Stochastic physics approach 

ECMWF applies SKEB (Stochastic Kinetic Energy Backscatter) 

 

• Visualizing and interpreting the EPS outputs 

– We get large amount of data, currently underused. 

Making most use of these data is a challenge. 


