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Ensemble forecasts need to account for uncertainties in both initial conditions and the forecast model. 
Since 1998, the latter uncertainties have been represented in ECMWF’s Integrated Forecasting System 
(IFS) via the Stochastically Perturbed Parametrization Tendency scheme (SPPT; Buizza et al., 1999). This 
scheme is also referred to as ‘stochastic physics’. It has been revised several times. SPPT has played 
an important role through increasing the ensemble spread and boosting the probabilistic skill of ECMWF 
ensemble forecasts over the past 25 years (see Lock et al., 2019, for details of the operational SPPT 
configuration). In IFS Cycle 49r1, which will be implemented in November 2024, SPPT will be replaced by 
the Stochastically Perturbed Parametrizations (SPP) scheme in all ensemble applications. SPP has been 
developed over several years (Ollinaho et al., 2017; Lang et al., 2021). It represents model uncertainties 
closer to the sources of errors. The remainder of the article explains the motivation for this revision 
and how the new scheme works, and it sets out the impacts expected from the revision of the model 
uncertainty representation.

Motivation
While SPPT has been a success story in terms of its impact on the skill of ensemble forecasts, awareness 
of some drawbacks has increased over the years. This fuelled interest in developing a representation 
of uncertainties that has a comparable positive impact on ensemble skill to SPPT, but which can 
bring additional benefits. In particular, we seek a perturbation method that maintains the conservation 
properties of the unperturbed model, by ensuring that fluxes at the surface and top of the atmosphere 
respond consistently to the perturbations within the atmospheric column. Furthermore, by applying 
the perturbations to individual physical processes, we can introduce a representation of errors in, for 
example, the shape of a heating profile, and remove the need to taper perturbations near the surface.

Methodology
SPP is a stochastic representation of uncertainties which targets uncertain elements within the 
parametrizations of individual physical processes. The elements are identified by scientists who 
develop the parametrizations and have in-depth knowledge of the sensitivities of their schemes 
to specific choices that need to be made to constrain the parametrization. The version of SPP in 
Cycle 49r1 has 27 perturbed elements in order to represent the dominating uncertainties in the 
parametrizations of convection, large-scale cloud, radiation, surface exchanges, vertical turbulent 
mixing, and orographic gravity wave drag (Table 1). Each perturbation element has its own probability 
distribution, which is anchored to the unperturbed values used in the deterministic model. Figure 1 
shows the distributions sampled by SPP for the elements perturbing the standard deviation of 
the subgrid orography (HSDT) and the ocean cold skin temperature parametrization (COLDSKIN). 
The distributions of these elements are limited to a finite range to ensure numerical stability. 
The distributions are sampled via evolving random fields with prescribed time and space scales 
(see Lang et al., 2021, for details). Each perturbation element has its own independent random 
field. Figure 2 displays the evolution of the HSDT and COLDSKIN random fields over three days for 
one ensemble member. The gridpoint values of the random fields are transformed such that they 
sample the specified probability distributions. The random fields have two components with spatial 
decorrelation scales of 1,000 km and 3,000 km and corresponding decorrelation time scales of 3 days 
and 30 days, respectively. The development of the scheme required a number of iterations to constrain 
the distributions of all elements in order to generate the right level of variance in ensembles at all lead 
times, using one unified configuration. 

SPP inherits the local conservation properties from the deterministic parametrizations. The fluxes at 
the surface and at the top of the atmosphere are computed using the perturbed elements, resulting in 
perturbed fluxes that remain consistent with the tendencies in the atmospheric column. Due to the use of 
multiple perturbation elements, the structure of the tendencies can be altered by the perturbations and 
can represent, for instance, uncertainties in the shape of heating profiles.
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Figure 1  Distributions sampled by SPP 
for the perturbation elements HSDT and 
COLDSKIN. The continuous distributions 
of these elements are censored, on 
the left at 0.3619 (HSDT) and –1.0 
(COLDSKIN) and on the right at 3.0, in 
order to guarantee numerical stability. 
For visualisation, the finite probabilities of 
x being at an endpoint of the range of the 
probability density function are converted 
into densities by assuming a constant 
density over an interval of ∆x = 0.02. 
The mean of both distributions is 1.

Surface fluxes, turbulent mixing and subgrid orography

CFM Transfer coefficient for momentum
RKAP Surface flux uncertainties via von Kármán constant
TOFDC Turbulent orographic form drag
HSDT Standard deviation of subgrid orography
VDEXC_LEN Mixing length-scale stable boundary layer 
VDSST Sea-surface temperature (SST) used in calculation of surface fluxes
COLDSKIN Cold skin temperature parametrization used for surface fluxes
Convection

ENTRORG Entrainment rate
ENTSHALP Shallow entrainment rate
DETRPEN Detrainment rate for penetrative convection
RPRCON Conversion coefficient cloud to rain
CUDU/CUDV Deep convective momentum transport
CUDUS/CUDVS Shallow convective momentum transport
RTAU Adjustment timescale in Convective Available Potential Energy (CAPE) closure
ENTSTPC1 Shallow convection test parcel entrainment
Cloud and large-scale precipitation

RAMID Relative humidity threshold stratiform condensation
RCLDIFF Diffusion for evaporation of cloud at subgrid cloud edges
RLCRITSNOW Cloud ice threshold for autoconversion to snow
RAINEVAP Rain evaporation rate
SNOWSUBLIM Snow sublimation rate
QSATVERVEL Vertical velocity for adiabatic temperature change in saturation adjustment
FALLSPEED Hydrometeor terminal fall speeds
Radiation

ZDECORR Cloud vertical decorrelation height
ZSIGQCW Fractional standard deviation of horizontal distribution of water content
ZRADEFF Effective radius of cloud water and ice
ZHS_VDAERO Scale height of aerosol normal vertical distribution
DELTA_AERO Optical thickness of aerosol

Table 1  Overview of the active perturbation elements in SPP.
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Figure 2  Random fields used by SPP in member 1 on 1, 2 and 3 January 2024 (from top to bottom) at 00 UTC for 
the perturbation elements (a) HSDT and (b) COLDSKIN. The latter has larger spatial and temporal decorrelation 
scales than the former. The contour interval is 0.5, with values ≥ 0.5 in solid red contours and values ≤ –0.5 in blue 
dashed contours.

a HSDT random field b COLDSKIN random field

Impacts
Now, we provide an overview of the impacts of SPP on local conservation and on the different ranges of 
ECMWF’s forecasts, from the medium range (up to 15 days) via the sub-seasonal range (up to 46 days) 
to the seasonal range (up to 13 months), as well as in km‑scale ensemble forecasts explored in the EU’s 
Destination Earth (DestinE) initiative.

Local conservation
The parametrizations of physical processes aim to conserve moisture and enthalpy (moist static 
energy). Column integrals of the tendencies together with the fluxes at the surface and the top of the 
atmosphere form a nearly closed budget when the semi-Lagrangian averaging of the physics tendencies 
is deactivated (see Part IV of the IFS documentation for details: https://www.ecmwf.int/en/publications/
ifs-documentation). Figure 3 (a,b) shows that the residual term in the budget for moisture is very small 
compared to the precipitation flux in the unperturbed control forecast. The forecast perturbed with SPP 
achieves a similar level of conservation as the control forecast, while the forecast perturbed with SPPT 
has a residual that is locally nearly of the same magnitude as the precipitation flux itself (Figure 3 c,d). The 
level of conservation or lack of conservation shown in the figure for forecast lead times of 45 to 48 hours 
is representative for all forecast lead times, and it is also representative for other ensemble members or 
start dates. 

For the local budget of enthalpy, the level of conservation of forecasts perturbed with SPP is again similar 
to the level of conservation in the unperturbed control forecast, while the forecasts using SPPT show 
large residuals.

https://www.ecmwf.int/en/publications/ifs-documentation
https://www.ecmwf.int/en/publications/ifs-documentation
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Figure 3  Moisture budget terms accumulated during a forecast lead time of 45–48 hours, showing (a) the 
precipitation flux in the control forecast, and budget residuals for (b) the control forecast, (c) an example SPP 
perturbed forecast, (d) an example SPPT perturbed forecast. The contour interval values in plots (b)–(d) are 
100 times smaller than in (a). The data is from an ensemble forecast at a resolution of 25 km (TCo399) and 
with 137 vertical levels with Cycle 49r1, starting on 1 December 2022, 00 UTC, with only either SPP or SPPT 
perturbations in (c) and (d) and no initial condition perturbations.
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Medium-range forecasts
Tropospheric scores in the extratropics are overall improved with SPP, e.g. geopotential (see Figure 4a). 
Upper-air scores in the tropics are more mixed, with improvements at some levels and degradations 
at others. For example, there is a strong positive impact for temperature in the tropics at 500 hPa and 
250 hPa. Here, SPP shows improvements of around 10%. 

Conversely, wind scores in the tropics are degraded, between 1 and 2% for some levels. In general, 
upper-air spread (ensemble standard deviation) is somewhat decreased, around 1 to 2% in the 
extratropics. Forecast skill of surface variables like 2-metre temperature and 10-metre wind speed is 
improved (Figure 4b and c). While 2‑metre temperature spread is quite similar, spread of 10‑metre wind is 
increased, by around 25% at a lead time of 48 hours. 

SPP results in a noticeable increase in the occurrence frequency of tropical cyclones in the ensemble. 
The impact on tropical cyclone frequencies originates mainly from the SPP perturbations in the 
convection parametrization, specifically the perturbations to the deep convective momentum 
transport (CUDUDV). We have compared the occurrence frequencies to tropical cyclone data from 
the international best track archive for climate stewardship (IBTrACS). For wind speeds exceeding 
20 m/s, the increase in tropical cyclone frequency appears to bring the forecasts closer to the observed 
frequencies. We believe that for weaker systems, with wind speeds less than 20 m/s, the observed 
frequencies in IBTraCS may be underestimated.
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Figure 4  Relative differences in fair CRPS (continuous ranked probability score) of an ensemble using SPP and an 
ensemble using SPPT in the northern extratropics, for (a) geopotential at 500 hPa verified against analyses, (b) 2‑metre 
temperature verified against SYNOP weather station observations, and (c) 10‑metre wind speed verified against SYNOP 
weather station observations. Positive values indicate higher forecast skill for the ensemble using SPP. Shown are 
combined scores for northern winter 2021/2022 and summer 2022 (282 start dates). The experiments use a resolution of 
9 km (TCo1279) and eight perturbed members initialised from operational initial conditions. The vertical bars show 95% 
confidence intervals for the score differences.

Sub-seasonal forecasts
In broad terms, the response in sub-seasonal forecasts to changing from SPPT to SPP is similar to that 
in the medium range. There are small changes in spread (typically of a few percent) throughout forecast 
lead times. The changes are characterised by reduced spread in upper‑air fields and increased spread in 
surface fields. They are most pronounced in the tropics. The reduced spread with SPP tends to translate 
into improved spread–error ratios, since using SPPT in the latest ensemble configuration generates 
somewhat over-dispersive forecasts of some upper‑air fields.

A key component of predictability in longer-range forecasts derives from the Madden–Julian Oscillation 
(MJO, see e.g. Lin et al., 2009). The MJO is a large-scale weather pattern that occurs over the Indian 
and Pacific Oceans and is associated with global teleconnection patterns. Figure 5 illustrates ensemble 
spread and root-mean-square error (RMSE) of the ensemble mean for the real-time multivariate MJO 
(RMM) index (following Wheeler and Hendon, 2004) from two sets of re‑forecasts: one using SPPT and 
one SPP. The RMM index is constructed from a combination of tropical upper-air fields: zonal (east–west) 
winds at 850 hPa and 200 hPa, and outgoing longwave radiation. The goal is a good match between 
ensemble spread and RMSE. While the forecast skill (represented by the RMSE of the ensemble mean) 
for the two model uncertainty representations remains very similar, the ensemble spread with SPP is 
significantly reduced from that with SPPT, and it matches the error much more closely.

Seasonal forecasts
Although the change from SPPT to SPP will not be applied to operational seasonal forecasts until the 
next upgrade of the seasonal system (to SEAS6), the impact of the change has been tested in seasonal 
configurations.

Switching from SPPT to SPP tends to reduce ensemble spread. For some key forecast variables, that 
reduction in spread addresses an over-dispersive signal from SPPT. This translates into improved spread–
error ratios. For example, for equatorial Pacific regions that are important for El Niño–Southern Oscillation 
(ENSO) predictions, the spread–error ratios for sea-surface temperatures (SSTs) are mostly improved by 
the reduced spread with SPP.



doi: 10.21957/mlz238dk1p	 7

Martin Leutbecher et al 	 Improving the physical consistency of ensemble forecasts by using SPP in the IFS

The change of the model uncertainty scheme also impacts some forecast biases over these longer lead 
times. For example, for SSTs in the eastern equatorial Pacific, SPP leads to some warming, while SPPT 
tends to cool the region. The consequence of the bias changes is complicated, since for both schemes 
there are regions and seasons for which the change helps (or hinders) by counteracting (or strengthening) 
the prevailing forecast bias. However, the differences are small relative to the underlying biases.

Kilometre-scale ensemble forecasts
Replacing SPPT with SPP brings benefits in km-scale ensemble forecasts (at a grid spacing of 4.4 km) 
similar to those in the medium-range. In the tropics, fair CRPS scores for wind speed are slightly 
degraded for 500 and 850 hPa levels, and for temperature at 850 hPa. However, surface fair CRPS scores 
(evaluated against observations) improve between 2 and 5% for 2‑metre temperature and 10‑metre wind 
speed. For several extreme weather events (e.g. tropical cyclones, extreme precipitation) evaluated with 
the km‑scale ensemble explored within the EU’s Destination Earth (DestinE) initiative, the SPP scheme 
seems to generally provide better probabilistic predictions and introduces more ensemble spread than 
SPPT. Furthermore, forecasts using SPP have 24‑hour precipitation distributions over the tropics that 
better match observations (based on IMERG satellite precipitation) than those produced with SPPT.

Conclusion and outlook
Adopting SPP restores the physical consistency of the ensemble members to the level of the unperturbed 
forecast. With SPP, precipitation, evaporation, sensible and latent heat fluxes as well as perturbed 
radiative fluxes are consistent with the perturbations in the atmospheric column. This leads to a degree 
of local conservation of moisture and enthalpy comparable to that achieved in the unperturbed forecast. 
With SPPT, the forecasts exhibit residuals which are on average at least an order of magnitude larger than 
the residuals in the control forecast. Moreover, the combination of many independent perturbed elements 
across the different parametrizations permits introducing a representation of uncertainties that goes 
beyond amplitude errors of the total physics tendencies. It permits, for instance, the representation of 
uncertainties in the shape of a heating profile.

The replacement of SPPT with SPP in Cycle 49r1 is the result of a major complex development effort, 
which had to balance requirements across lead times of hours in the Ensemble of Data Assimilations 
(EDA) to months in seasonal forecasts. Both SPPT and SPP have some effect on mean errors. The bias 
changes with SPPT can compensate the mean errors of the unperturbed model for some variables and 
regions of the atmosphere. In general, the mean errors of forecasts perturbed with SPP are closer to the 
mean errors of the unperturbed forecast than when SPPT is used. This is a desirable feature that will 
support IFS development in the future. However, it has the inevitable effect that biases increase for some 
variables and some regions when SPP replaces SPPT. 

Noticeable improvements in skill with the introduction of SPP are achieved for 2‑metre temperature and 
10‑metre wind. Further improvements will appear via the use of SPP in the EDA in Cycle 49r1. SPP has 
helped to address the underdispersion in the boundary layer, which has been seen as a limiting factor 
for the assimilation of 2‑metre temperature observations. The introduction of SPP together with other 
changes in the EDA (higher resolution and soft re-centring) has permitted reducing the amplitude of the 
singular vector initial perturbations. This will partly address the overdispersion in the winter storm tracks 
in the early medium range.
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Figure 5  Ensemble spread (solid lines) and 
root-mean-square error (RMSE) of the ensemble 
mean (diamonds) for the bivariate RMM index for 
experiments with model uncertainty represented 
with SPPT (red) and SPP (blue). Confidence 
intervals (95%) are indicated by the dashed lines 
(for spread) and bars (for error). Forecasts are 
started on the first of each month from 1 January 
1989 to 1 December 2016.
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In the coming years, it is planned to extend SPP into the parametrizations of the land surface. An initial 
investigation has explored the beneficial impact of increased ensemble spread from stochastic 
perturbations to land surface parameters in the context of land data assimilation.

SPP has gained popularity as a representation of model uncertainties and has been introduced already 
in the Canadian Global Ensemble Prediction system and in the regional HARMONIE ensemble prediction 
system (McTaggart-Cowan et al., 2022; Tsiringakis et al., 2024). 
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