
AN SPP SCHEME FOR THE 
CANADIAN GLOBAL ENSEMBLE 
PREDICTION SYSTEM
RON MCTAGGART-COWAN, LEO SEPAROVIC, RABAH AIDER, MARTIN CHARRON, 

MICHEL DESGAGNE, PIETER HOUTEKAMER, DANAHE PAQUIN-RICARD, PAUL

VAILLANCOURT AND AYRTON ZADRA

ECMWF WORKSHOP ON MODEL UNCERTAINTY – 9 MAY 2022



OUTLINE

• Introduction to the Canadian Global Ensemble Prediction System (GEPS)

• Stochastically Perturbed Parameterizations (SPP)

• Description of SPP “elements” in the GEPS

• Sensitivity of the GEPS to individual SPP elements

• Analysis of leading elements as “case studies”

• Discussion and next steps



THE OPERATIONAL GLOBAL ENSEMBLE

• Global Ensemble Prediction System (GEPS) characteristics:

• Global Environmental Multiscale (GEM) model

• Yin-Yang grid with ~0.35o grid spacing

• Twice-daily 15-day forecasts from 20 members

• Forecast coupled to NEMO ocean model

• GEPS used for public forecasts beyond day-5

• Testing period Jan-Feb 2020 at 36-h intervals to promote serial independence

• All simulations are atmosphere-only

Sample public forecast with direct 

GEPS products highlighted.



GEPS MODEL UNCERTAINTY ESTIMATES

• Model uncertainty estimates in the GEPS:

1. Static multiphysics configuration

2. Stochastic perturbations of physical tendencies (SPPT)

3. Stochastic kinetic energy backscatter (SKEB; Charron et al 2010)1

• Problems with the existing strategy:

• Multiphysics options removed with physics modernization (McTaggart-Cowan et al. 2019)

• SPPT deactivated near surface and in active deep convection to avoid model instability

• Conservation efforts inconsistent with SPPT

1 All simulations shown here use identical SKEB configurations unless otherwise noted



STOCHASTICALLY PERTURBED PARAMETERIZATIONS

• Samples algorithmic, free-parameter and closure uncertainty

• Coherent random perturbations are made *upstream* of uncertain 

calculations to trigger spread growth

Advantages Disadvantages

Represents error sources in close proximity to 

“true” uncertainty within the model

Difficult to identify a comprehensive list of 

parameters (“elements”) and ranges

Perturbed members remain ~ centered on 

control – bias reductions in control reduce 

RMSE

Large increase in degrees of freedom for 

future development

Internal consistency and conservation 

properties preserved

Struggles to generate enough spread in 

practice



THE STOCHASTIC FIELD GENERATOR

• Random perturbations must be spatiotemporally correlated 

to avoid ineffective noise injection (both SPP and SPPT)

• Uniform distribution over WN1-8 form random field (F)

• Temporal autocorrelation τ=36h for most fields

• Intermediate grid affects perturbation 

spectrum towards a Gaussian

Sample of ideal WN1-8 random field (F; top) and spatial patterns used in 

the ECMWF implementation (bottom, from Lang et al. 2021), with 

decorrelation length scales as shown above the plot.

Wavenumbers (WN) 1-8

500 km 1000 km 2000 km



TYPES OF PERTURBATION

1. Continuous:

• Samples parameter uncertainty

• The stochastic field (F) can represent a range of parameter values 

or a rescaling multiplier 

2. Discrete:

• Samples closure / formulation uncertainty

• The stochastic field is used to choose from a list of identifiers for 

discrete closure formulations that varies in time and space

Example of a 

remapped stochastic 

fields (F) for a 

continuous SPP 

element (top) and a 

discrete SPP element 

(bottom).



TYPES OF PERTURBATION

3. Error model:

• Samples formulation / closure uncertainty

• Applicable when multiple closures are 

available for the same quantity

• Avoids sharp transitions between closures

• Perturbations are symmetric around the 

control configuration

• May be costly when individual closures are 

computationally demanding

Practical Example:  Mixing Length

There are many (N) formulations for λ, which 

affects boundary layer mixing.

Assuming that they are all reasonably skillful, 

the range of estimates should reflect 

uncertainty.

Sampling the distribution of estimates:

The error model naturally scales perturbations 

by the uncertainty in the estimate of λ (i.e., 

when σλ is large).

𝜆′ = 𝜆𝑜 + 𝐹
1

𝑁


𝑖=1

𝑁

𝜆𝑖 − 𝜆 2 = 𝜆𝑜 + 𝐹𝜎𝜆



SPP ELEMENTS

• A total of 27 SPP elements were tested:

• Surface and boundary layer perturbations

• Moist convection perturbations

• Grid-scale clouds and radiation perturbations

• Momentum and dynamics perturbations

• Elements use a mix of continuous (23), discrete (2) and error model (2) 

perturbations

Sample of SPP element list.  The full list can be 

found in supplemental material at the end of the 

presentation.



ENSEMBLE RESPONSE TO SPP

• Each SPP element is tested in isolation to evaluate its impact on the ensemble:

• A 10-member ensemble initialized every 108h in Jan-Feb 2020 (14 cases)

• The “control ensemble” uses initial state perturbations and SKEB only

• Evaluated as contribution (ΔS) to ensemble spread and fair continuous rank 

probability score (fCRPS)

• Comparison across variables and lead times using fractional contribution (Cf):

Δ𝑆 = ቤ
𝜕𝐽

𝜕𝑥𝑖 𝑆𝑃𝑃

− ቤ
𝜕𝐽

𝜕𝑥𝑖 𝐶𝑜𝑛𝑡𝑟𝑜𝑙

= 𝐽𝑆𝑃𝑃 − 𝐽𝐶𝑜𝑛𝑡𝑟𝑜𝑙

𝐶𝑓(𝐽) =
𝐽𝑆𝑃𝑃 − 𝐽𝐶𝑜𝑛𝑡𝑟𝑜𝑙

𝐽𝐶𝑜𝑛𝑡𝑟𝑜𝑙



SURFACE AND BOUNDARY LAYER

• SPP elements that affect the turbulent transports 

represented by the boundary layer scheme 

promote spread and improve guidance over a 

deep layer

• Perturbations to surface exchanges (fh_mult) will 

be investigated in more detail

• Other elements (ricmin) can affect HIW guidance 

rather than summary statistics Fractional contribution (%) of individual SPP elements to global 

ensemble spread (top) and fCRPS (bottom) over the first five 

days of integration. Contributions that are statistically significant 

at the 99% level have their values printed on the panels.



MOIST CONVECTION

• Limited SPP response despite significant 

uncertainty and the impact of errors related to 

deep convection (Rodwell et al. 2013)

• Convective radius element likely samples 

uncertainty in ε and δ

• Discrete element sampling the large uncertainty in 

the convective trigger is promising but worsens 

850 hPa biases Fractional contribution (%) of individual SPP elements to global 

ensemble spread (top) and fCRPS (bottom) over the first five 

days of integration. Contributions that are statistically significant 

at the 99% level have their values printed on the panels.



CLOUDS AND RADIATION

• Perturbing condensation parameters yields small 

spread increases and forecast skill improvements 

(fCRPS decreases)

• Perturbations to cloud-radiation 

interactions appear to impact 

local energy budgets more than 

summary statistics

Fractional contribution (%) of individual SPP elements to global 

ensemble spread (top) and fCRPS (bottom) over the first five 

days of integration. Contributions that are statistically significant 

at the 99% level have their values printed on the panels.

Relationship between perturbations to effective 

cloud ice particle radius for radiation 

(rei_mult) and surface solar radiation.



CLOUDS AND RADIATION

• Perturbations to gravity wave schemes promotes 

stratospheric spread positive for assimilation

• The SPP error model that represents uncertainty in 

model dynamics (adv_rhsint) has a very large 

impact on spread and skill:  investigated shortly

• Fractionally varying implicit treatment of physics 

tendencies (phycpl) reduces spread via smoothing

• not all design choices are error sources if the 

control configuration is optimal

Fractional contribution (%) of individual SPP elements to global 

ensemble spread (top) and fCRPS (bottom) over the first five 

days of integration. Contributions that are statistically significant 

at the 99% level have their values printed on the panels.



CASE STUDY:  SURFACE FLUX SPP ELEMENT

• The fh_mult SPP element perturbs the turbulent surface exchange coefficient 

(Cx’ ) in the lower boundary condition for the boundary layer scheme:

• This element depicts the atmospheric impact of uncertainties in a large range 

of (sub)surface processes and in the representation of the surface layer

𝑓𝑥 = −𝐶𝑥
′ 𝑥𝑎 − 𝑥𝑠

𝑓𝑥 = −𝐾𝑥 ൗ𝜕𝑥
𝜕𝑧

ቤ
𝜕𝑥

𝜕𝑡 pbl
=

𝜕𝑓𝑥

𝜕𝑧



CASE STUDY:  SURFACE FLUX SPP ELEMENT

• Although T2m spread increase is largest where 

fluxes are largest, skill increases over land

• Systematic increases in large-flux regions (North 

Atlantic appear are 

unexpected because 

perturbations are 

centered on the control

Contribution of fh_mult to screen-level temperature spread (top-left) and fCRPS (bottom-left).  

The difference in mean sensible heat flux between the SPP-perturbed experiment and the control 

ensemble is shown on the right.



CASE STUDY:  SURFACE FLUX SPP ELEMENT

• There is no transition from the 

collapsed turbulent state of 

the very stable PBL for F<0.8

• All transitions for F>0.8 lead 

to a well-mixed PBL

• A physical nonlinear response 

to perturbations

V

𝐹 < 0.8

θ

V

𝐹 ≈ 1

θ

V

𝐹 > 1.2

θ

Screen-level temperature difference (left; fh_mult minus control ensemble) relationship to F in the North Atlantic 

region (previous slide).  The mean of each 10-percentile bin of F is shown in blue.  Schematics of temperature 

profile and turbulence evolution for flow off the ice edge for different values of F are shown on the right. 



CASE STUDY:  ADVECTION ERROR MODEL

• The adv_rhsint element samples uncertainty in interpolation 

of the upstream-point value in semi-Lagrangian advection:

• Solution is centered on the higher-precision interpolant, with 

perturbations scaled by the advected field topography

• Rapid error growth in the midlatitude baroclinic zones is 

avoided:

𝑋′ = 𝑋𝑐𝑢𝑏𝑖𝑐 + 𝜑𝐹 𝑋𝑐𝑢𝑏𝑖𝑐 − 𝑋𝑙𝑖𝑛𝑒𝑎𝑟 𝐹 = [−0.4, 0.4]

𝜑 = ቐ
cos2 ൗ

𝜙
𝜙o

𝑓𝑜𝑟 𝜙 < 𝜙o

0 𝑓𝑜𝑟 𝜙 ≥ 𝜙o

Schematic depiction of sensitivity 

to interpolation order for large-

and small-curvature fields.

Arrival (t+Δt)

Departure (t)

dx



CASE STUDY:  ADVECTION ERROR MODEL

• Spread growth peaks in the Eastern Hemisphere, 

with fCRPS reductions across the North Pacific

• Perturbations to the East Asian

subtropical jet affect Rossby wave

packets entering the storm track

• Indirect growth from deep tropical

perturbations is inefficient

Contribution of fh_mult to 500 hPa height spread (top) 

and fCRPS (bottom).

Hovmoller of 500 hPa height 

spread, with EASJ position (green) 

and estimated Rossby wave phase 

speed (cp) and group velocity (cg).



ENSEMBLE BALANCE WITH FULL SPP

• Individual SPP elements have differing impacts on ensemble 

behaviour, (hopefully) consistent with how the related 

uncertainties impact forecast skill

• The full SPP configuration is capable of generating sufficient 

spread to match RMSE throughout the forecast

• The SPP perturbations do not appear to degrade the ensemble 

mean – at least in terms of RMSE

Global RMSE (solid) and spread (dashed) in control ensembles (black; initial and 

SKEB perturbations) and with the full SPP scheme added (red) for the 250 hPa

zonal wind (top), 500 hPa height (middle) and 850 hPa temperature (bottom).



SPREAD-RELIABILITY WITH FULL SPP

• Matching average RMSE with average spread is necessary 

but not sufficient for a useful ensemble

• Spread-reliability diagnostics show whether spread is a 

predictor of error on a case-by-case basis

• The full SPP scheme successfully shifts spread-reliability 

distributions towards the diagonal 

Global spread-reliability diagrams (Leutbecher et al. 2007) in the control (black) and SPP-based (red) 

ensembles after 72h of forecast time.  Fields shown are 250 hPa zonal wind (top), 500 hPa height (middle) 

and 850 hPa temperature (bottom), all with normalization by a 30-year ERA-Interim variance climatology.



DISCUSSION

• The SPP scheme implemented in the GEPS attempts to represent the impact of 

uncertainty in parameters, closures and model dynamics on error growth

• The addition of discrete perturbations and error models expands the scope of 

SPP and has a significant impact on forecast skill

• Different SPP elements have different impacts on summary statistics and 

model behaviour in assimilation and high impact weather applications

• The implemented SPP scheme appears to yield promising results in the GEPS



THE FUTURE OF SPP IN THE GEPS …

• Introduce SPP elements in other components of the Earth system (primarily 

surface and coupled ocean model) for consistency: replaces f[hm]_mult

• Identify other estimable uncertainties in the dynamical core to reduce the 

current dependence on upstream point interpolation: adv_rhsint

• Explore the potential for error models to employ many “cheap” estimates 

instead of a small number of computationally intensive samples

• Compare SPP results to the operational GEPS uncertainty estimates [Insert 

shameless plug for Leo’s talk at 3:30pm on Tuesday here].



SUPPLEMENTAL MATERIAL



FULL LIST OF SPP ELEMENTS IN THE GEPS (1/2)



FULL LIST OF SPP ELEMENTS IN THE GEPS (2/2)



FULL SR DIAGRAMS

Spread-reliability diagrams from the control (black) 

and full SPP (red) ensembles at 72h lead time for 

the northern extratropics (top), tropics (middle) and 

southern extratropics (bottom).  Shown are the 250 

hPa zonal wind (left), 500 hPa height (middle) and 

850 hPa temperature (right).



FULL SR DIAGRAMS

Spread-reliability diagrams from the control (black) 

and full SPP (red) ensembles at 120h lead time for 

the northern extratropics (top), tropics (middle) and 

southern extratropics (bottom).  Shown are the 250 

hPa zonal wind (left), 500 hPa height (middle) and 

850 hPa temperature (right).


