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1. Executive summary 
 
The inevitable approximations needed to solve the equations of weather and climate in a model are a major 
source of forecast error and uncertainty on all time scales. Processes occurring on spatial scales smaller than 
the resolution of a climate model are unrepresented and must be parameterized, introducing error into the 
simulation when processes are not adequately parameterized and when parameters are uncertain. Inadequate 
representation of boundary conditions is also another source of divergence of model simulations from reality. 
 
The main objective of this work package has been to develop cutting-edge methodologies to address model 
uncertainty in climate forecast systems as part of the “seamless prediction” programme, to bring into the climate 
arena developments from numerical weather prediction. Various approaches are possible to account for model 
uncertainty. Over the recent years, one particular approach relies on the idea of stochastic physical 
parameterisation has emerged and is starting to become a powerful alternative to more traditional approaches. 
This deliverable describes work done to investigate the impact of stochastic parameterization schemes in 
different atmospheric models, as well as testing new schemes to represent uncertainty in the land surface and 
ocean components of climate models. In addition work described in this deliverable has looked at the impact of 
improving the representation of processes, specifically by introducing more realistic vegetation. 
 
The main findings are summarized below, for work done in the atmosphere, land surface and the ocean. 
 
Atmosphere 
 
UOXF tested the impact of the atmospheric stochastically perturbed parameterized tendency scheme (SPPT) 
and the stochastically perturbed backscatter scheme (SPBS) in IFS/NEMO. Results suggest that whilst SPBS 
has limited impact, SPPT reduces excessive convective activity in the tropics, leading to reduced biases in 
precipitation and winds. SPPT also has positive impact on MJO statistics and skill at lead times greater than two 
weeks, and improves Northern Hemisphere circulation regime statistics. 
 
METEOF has also investigated the impact of SPPT, in EC-Earth v3 and CNRM-CM. The impact of using 
different settings for the time and space decorrelation scales for the perturbation coefficients was studied. 
Increasing weighting of the longer time and space scales increases spread, though this increase becomes too 
high at longer lead times. Results with CNRM-CM show limited impact of SPPT on ENSO spread, but a 
substantial reduction of model error. 
 
METEOF also worked on the stochastic dynamics technique, adding model errors at each timestep from a pre-
defined nudged re-forecast run. It was found that the technique improves systematic errors in Northern 
Hemisphere mid and high latitude 500hPa geopotential height, as well as improving North Atlantic weather 
regime statistics. However limited improvements are seen for forecast skill. Further experiments were carried out 
to investigate the impact of the strength of the relaxation coefficient used in the nudged re-forecast runs. These 
show that small values are potentially detrimental to predictability, with the optimal values of the relaxation 
coefficient found to be between 5 and 10 days.  
 
ECMWF has investigated the impact of SPPT in new, high-resolution forecasting systems. As a consequence of 
the increased level of variability at high resolution, SPPT is found to have some negative consequences in the 
stratosphere. In the troposphere, non-linear interactions are found between the impact of SPPT and model 
resolution, which complicates the task of model tuning. SPPT seems to reduce the impact of model differences, 
which is consistent with a general tendency of SPPT to reduce model error. 
 
Land-surface 
 
UOXF have implemented a stochastic perturbation to uncertain soil parameters in the land surface model of IFS 
(HTESSEL) related to soil hydrology. Seasonal hindcast experiments have been run with static and stochastic 
perturbation to these parameters. It is found that perturbation improves the forecast of the summer heatwave of 



    
 

 
SPECS (308378) D44.1                                                                                                                                    
  - 5 - 

2003 over Europe, through improved representation of soil moisture anomalies and surface fluxes. Further 
experiments have shown that the perturbation of these parameters significantly improves the reliability of soil 
moisture quintile events, though the most significant improvements are seen for the static, not the stochastic 
perturbation. Perturbation of the hydrology parameters also significantly increases the spread, though the areas 
and variables that see increases are not consistent between the stochastic and static experiments. Further 
experiments with the uncoupled HTESSEL land surface model have also demonstrated the sensitivity of 
estimates of soil moisture memory to the uncertainty in these hydrology parameters. 
 
UOXF also introduced a stochastic perturbation to the land-atmosphere thermal coupling parameter. This 
parameter is not well constrained by observations and the value used in the operational model is quite uncertain.  
Extended-range hindcasts were carried out with stochastic perturbation to this parameter: results show that the 
perturbation has a modest impact. A slight cooling is seen as well as a slight impact on surface temperature 
spread with largest impact in the Northern Hemisphere. However these impacts are small (spread increase is 
<2% of the control spread). Subsequent experiments have revealed that a much larger impact of the 
perturbation can be achieved by switching off the default perturbations to the initial conditions but with these 
initial perturbations on, adding a perturbation to the land surface coupling has minimal impact. 
 
ENEA have introduced more realistic vegetation in EC-Earth. In the standard version of EC-Earth, the fractional 
coverage and density of vegetation are fixed in time. ENEA have run seasonal hindcast experiments, allowing 
the vegetation density to change as a function of Leaf Area Index (LAI) for both high and low vegetation. Monthly 
and annually varying LAI data is taken from satellite observations. The experiments show a considerable 
improvement for surface variables, particularly where land-atmosphere coupling is strong. Improved correlation 
is seen for winter 2m-air temperature, over mid-latitude boreal forecasts. Improvements are also seen for 2m 
temperature and precipitation over the Sahel, North American Great Plains, North East Brazil and Asia. Further 
analysis indicates that better performance over mid-latitude boreal forests can be attributed to improvement of 
modelled albedo over snow covered areas, whilst precipitation improvements are significantly related to the 
effects of the representation of vegetation cover variability on evapotranspiration and the related surface 
partitioning between sensible and latent heat fluxes. 
 
Ocean  
 
Initial work at UOXF has also been carried out to introduce stochastic schemes into the ocean. A first round 
seasonal hindcasts experiments with stochastic perturbations were run, with perturbations made to air-sea 
fluxes, the model equation of state and the parameterization tendencies of diffusion mixing and viscosity. These 
experiments demonstrated positive impact on spread and bias of upper heat content in eddy-active regions, 
namely, the western boundary currents and the Southern Ocean. However the experiments did not show 
improvements in ensemble spread on seasonal timescales. Additional experiments were carried out, perturbing 
the Gent-McWilliams scheme, turbulent kinetic energy and enhanced vertical diffusion scheme for unstable 
stratification. These experiments show impact at long leads, specifically month 8-10 from initialization; before this 
lead-time minimal impact of the perturbations is seen. At month 8-10 improvements are seen for sea surface 
temperature spread and probabilistic skill over the south Atlantic and Pacific. This is also translated into 
improvements in atmospheric skill over the North American continent, with increases in probabilistic skill for 2m-
air temperature and mean sea level pressure.  
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2. Project objectives 
With this deliverable, the project has contributed to the achievement of the following objectives (see DOW 
Section B.1.1.2): 
 

No. Objective  Yes No 
1.  To achieve an objective exhaustive evaluation of current forecast quality from 

dynamical, statistical, and consolidated systems to identify the factors limiting 
s2d predictive capability 
 

X  

2.  To test specific hypotheses for the improvement of s2d predictions, including 
novel mechanisms responsible for high-impact events using a process-based 
verification approach 
 

X  

3.  To develop innovative methods for a comprehensive forecast quality 
assessment, including the maximum skill currently attainable 
 

X  

4.  To facilitate the integration of multidimensional observational data of the 
atmosphere-ocean-cryosphere-land system as sources of initial conditions, and 
to validate and calibrate climate predictions 
 

X  

5.  To achieve an improved forecast quality at regional scales by better initialising 
the different components, an increase in the spatial resolution of the global 
forecast systems and the introduction of important new process descriptions 

X  

6.  To assess the best alternatives to characterise and deal with the uncertainties in 
climate prediction from both dynamical and statistical perspectives for the 
increase of forecast reliability 
 

X  

7.  To achieve reliable and accurate local-to-regional predictions via the 
combination and calibration of the information from different sources and a range 
of state-of-the-art regionalisation tools 
 

 X 

8.  To illustrate the usefulness of the improvements for specific applications and 
develop methodologies to better communicate actionable climate information to 
policy-makers, stakeholders and the public through peer-reviewed publications, 
e-based dissemination tools, multi-media, examples for specific stakeholders 
(energy and agriculture), stakeholder surveys, conferences and targeted 
workshops 
 

X  

9.  To support the European contributions to WMO research initiatives on s2d 
prediction such as the GFCS and enhance the European role on the provision of 
climate services according to WMO protocols by creating examples of improved 
tailored forecast-based products for the GPCs and participating in their transfer 
to worldwide RCCs and NHMSs. 
 

X  
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3. Detailed report on the deliverable 

3.1. Addressing model inadequacy in the atmosphere 
3.1.1. Work done at UOXF 

The finite resolution of general circulation models of the coupled atmosphere-ocean system and the effects of 
sub-grid-scale variability present a major source of uncertainty in model simulations on all time scales. Methods 
to account for these uncertainties are used in the operational version of the latest seasonal forecasting system at 
the European Centre for Medium-Range Weather Forecasts (ECMWF), System 4. Two schemes are active in 
the atmosphere; the stochastically perturbed parameterized tendency scheme (SPPT) and the stochastically 
perturbed backscatter scheme (SPBS).  

In the SPPT scheme, the summed tendencies of the prognostic variables temperature, wind and humidity as 
passed on from the individual parameterization schemes are perturbed with a multiplicative univariate Gaussian 
noise term. The perturbations vary smoothly following an autoregressive model of order 1 (AR1) process in 
space and time with three distinct spatio-temporal scales. Characteristic length and time scales of these patterns 
are given in Table 1. Each sub-pattern is weighted according to the value of σ given in the table, with the 
shortest scale perturbed most strongly and the largest least. These are the same weightings as those used in 
ECMWF’s operational medium-range weather forecasting system. 

The SPBS scheme describes upscale energy transfer from unbalanced motions associated with convection and 
gravity waves and from the balanced flow in the manner of two-dimensional (or quasi-geostrophic) turbulence, 
processes are missing in conventional parameterization schemes. For more details of these schemes see 
Palmer et al 2009 and Berner et al 2009. 

Scale 1 (small/fast) Scale 2 (medium) Scale 3 (long/slow) 

σ Δx (km) Δt (days) σ Δx (km) Δt (days) σ Δx (km) Δt (days) 

0.52 500 0.25 0.18 1000 3 0.06 2000 30 
Table 1: Default scales for the for the time (Δt) and space (Δx) scales and amplitude σ of the 3-scale 

pattern used for SPPT in IFS 
 

Table 2: Experiments carried out with different combinations of SPPT and SPBS, described in 
Weisheimer et al. 2014. 

UOXF has tested the impact of these schemes in the atmosphere of the ECMWF coupled atmosphere ocean 
model (System 4: IFS CY36R4 T255L91) run in seasonal prediction mode. 51-member ensemble hindcasts 
initialized on 1 May and 1 November 1981-2010 were run, with four separate hindcasts compared with different 
combinations of SPPT and SPBS switched on and off. The labelling of these is described in  
Table 2, see Weisheimer et al 2014 for further details. A second round of experiments was also carried out to 
investigate the impact of the different scales (Subramanian et al, submitted). These included an experiment with 
an enhanced small/fast scales (SPPT1d) and denial experiments where the 2nd & 3rd scales are switched off 
(SPPT2x and SPPT3x respectively). These experiments are described in Table 3. 

Experiment name Scale 1 Scale 2 Scale 3 
SPPT 0.52 0.18 0.06 

noSPPT 0 0 0 
SPPT1d 0.70 0.18 0.06 
SPPT2x 0.52 0 0.06 
SPPT3x 0.52 0.18 0 

Table 3: Standard deviation weighting of the three scales used in experiments exploring the relative 
contributions of the different scales (scales defined in Table 1). In Subramanian et al., submitted. 

 

  SPPT 
  Off On 

SPBS Off stochphysOFF SPPT_ON 
On SPBS_ON System 4 
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Results described in Weisheimer et al. 2014 show that the SPPT scheme helps to reduce excessively strong 
convective activity especially over the Maritime Continent and the tropical Western Pacific, leading to reduced 
biases of the outgoing longwave radiation, cloud cover, precipitation and near-surface winds. See for example 
Figure 1, indicating a strong bias (Figure 1b), which is reduced with the activation of SPPT (Figure 1e). SPBS 
has no impact, shown in Figure 1f. Denial experiments show also how the 3rd scale impacts the variability in 
mean daily precipitation, without impacting the mean (Figure 2). By increasing the magnitude of the perturbation 
of the small/fast scale in experiment SPPT1d, an increased impact on the mean bias of daily precipitation is also 
seen. 
 
Positive impact of SPPT is also seen for the statistics of the Madden-Julian oscillation (MJO).  The ECMWF 
model has a pronounced bias in underestimating the frequency of MJO events for all phases, however the 
stochastic physical parameterizations used in System 4 increase the frequency of MJO events in each phase 
and thus reduce the negative bias (Figure 3a). System 4 also shows an increase in the frequency of large-
amplitude MJO events compared to the stochphysOFF hindcast, which is more consistent with the distribution of 
events seen in the ERA-Interim reanalysis (Figure 3b). A Kolmogorov-Smirnov test indicates that the 
distributions of amplitudes in the System 4 and stochphysOFF hindcasts are significantly (p<0.01) different from 
one another. Experiments (Subramanian et al, submitted) also reveal that the skill of MJO predictions is 
dependent on the 2nd and 3rd scales at lead times greater than two weeks: when these scales are turned off the 
MJO bivariate correlation coefficient is significantly lower (Figure 4). Equally, by amplifying the first scale 
(experiment SPPT1d) the MJO skill scores are improved. 
 

 

 
 
 
Figure 1: Top of atmosphere DJF 
outgoing longwave radiation in 
Wm-2, from 51-member seasonal 
hindcasts initialised 1st November 
1981-2010.  
(a) ERA-Interim reanalysis  
(b)  model bias against reanalysis  
(b) stochphysOFF−reanalysis,  
(c) System 4−reanalysis, 
(d)stochphysOFF−System 4, 
(e)stochphysOFF−SPPT_ON,  
(f) stochphysOFF−SPBS_ON. 
Significant differences at the 95% 
confidence level based on a two-
sided t-test are hatched. Figure 1 
from Weisheimer et al 2014. 
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Figure 2: Impact of the 
SPPT experiments 
(described in Table 3) on 
mean (upper four panels) 
and standard deviation 
(lower four panels) of mean 
daily precipitation. Note that 
denying SPPT the 3rd scale 
(SPPT3x) does not impact 
the mean but does impact 
the variability. Results 
shown are for DJF, from 
November initialised 
forecasts. 
 
 
 
 
 

 
 
 
Figure 3: Impact on MJO (a) 
frequency and (b) amplitude of the 
stochastic schemes included in 
System 4, based on daily data up to 
six months lead from forecasts 
initialised 1st May 1981-2010. 
Reanalysis used is ERA-interim. 
Adapted from figures 5 & 6 of 
Weisheimer et al 2014. 

 

 

 
Figure 4: Bi-variate correlations with lead time of 
hindcast and observed Real Multivariate MJO index, 
for the different SPPT sensitivity experiments 
described in Table 3. The horizontal line represents a 
correlation skill of 0.5. The vertical bars represent the 
95% confidence interval computed using a 10,000 
bootstrap re-sampling procedure. Results are from a 
51 member ensemble initialised 1st November from 
start dates 1981-2010 inclusive. From Subramanian et 
al., submitted. 
 

(a) (b) 
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The impact of the stochastic schemes on the El-Niño Southern Oscillation was also explored. System 4 has a 
significantly lower RMSE than stochphysOFF for all lead times longer than two months, becoming larger for 
longer lead times, with most improvement coming from SPPT (Figure 5). The spread of the ensemble is also 
increased, which along with the reduced RMSE leads to a better calibrated forecasting system. Anomaly 
correlation coefficients are also improved with the addition of stochastic perturbations (see Weisheimer et al 
2014 for further details).  

The impact of stochastic parameterization on circulation regimes was also explored. Figure 6 shows the 
simulated circulation regimes in reanalysis, the stochphysOFF and the System 4 hindcast. These have been 
calculated by applying k-means clustering to the phase space spanned by the first four EOFs of 500hPa 
geopotential height in the Z500 region. It can be seen that the circulation regimes in both hindcasts are similar to 
ERA-Interim, indicating that the ECMWF seasonal forecasting system is able to reproduce well the spatial 
structure of flow regimes in the PNA sector. However there are some differences; cluster 1 (Pacific trough) is 
overestimated in both, with an improvement in System 4. Cluster 2 (the positive PNA regime) is also 
underestimated, to a larger extent in stochphysOFF. Cluster 3 is underestimated in System 4 but overestimated 
in stochphysOFF. Along with the underestimation of cluster 2, this means that the order of the four circulation 
regimes when sorted according to their frequencies of occurrence is different from ERA-Interim when SPPT is 
off, whilst the ordering is the same when SPPT is switched on (see red arrows in Figure 6). Cluster 4 (the 
Alaskan ridge) is also improved in System 4. 

 

 

Figure 5: Impact of stochastic physics on 
ENSO forecasts, (Nino 4) region: RMSE of 
ensemble mean (solid lines) and ensemble 
spread (dashed lines) for SST in Nino 4 
region. Based on 1st November start dates 
from 1981-2010. Figure 8c from Weisheimer et 
al 2014. 

 
 

 
 
 
 
 
 
 
 
 

Figure 6: Circulation regimes over the 
PNA region in ERA-Interim reanalysis 
data (a), System 4 (b) and in 
stochphysOFF (c) for anomalies 
(shades) and full fields (contours) of 
Z500. The numbers indicate the relative 
frequency of occurrence of each 
cluster. Figure 9 from Weisheimer et al 
2014. 
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3.1.2. Work done at METEOF 
 
3.1.2.1. Impact of atmospheric stochastic perturbations (SPPT) in EC-Earth and CNRM-CM 
 
METEOF ran several sets of seasonal re-forecasts with EC-Earth v3 (IFS T255L91 – NEMO ORCA1L46 – LIM2) 
over the 1993-2009 period up to forecast month 4, starting from 1st November and 1st May, including 
stochastically perturbed physical tendencies (SPPT) in the IFS component. The sets were run with different 
settings for the time and space decorrelation scales for the perturbation coefficients (shown in Table 4) and 
compared to a reference re-forecast with initial singular vector perturbations only. 
 
Main results from this work were presented in Batté and Doblas-Reyes (2015). On average over the globe, both 
settings yield similar results in terms of impact on systematic error, correlation and probabilistic skill for surface 
variables (near-surface temperature and precipitation). SPPT2L has generally higher spread than SPPT3, but 
tends towards too high levels of spread at the longer lead times. Both methods reduce model systematic errors 
over the Equatorial Pacific basin, which translates into improvement of ENSO re-forecast skill.  
 
Figure 7 shows the reliability diagrams for the JJA Nino 3.4 SST tercile re-forecasts initialized in May, as well as 
the Brier score decomposition. For both warm events and cold events, the model reliability and resolution are 
improved with SPPT perturbations. Although reliability is better with SPPT2L settings than SPPT3, the latter 
yield higher resolution, leading to better Brier scores. Dots on the reliability diagrams are proportional in size to 
the population of the different probability bins. In the case of SPPT2L, perturbations lead to a somewhat under-
confident forecast for the lowest probability bins, which could explain part of the loss in the resolution. This result 
is consistent with the over-dispersion of the ensemble found with SPPT2L over the Tropical Pacific. 
 

Experiment 
name 

Scale 1 Scale 2 Scale 3 

SPPT3 0.5 0.25 0.125 
SPPT2L 0 0.173 0.288 

Table 4: Standard deviation weighting of the 
three scales used in experiments with EC-

Earth (scales defined in Table 1) 
 

Experiment name Scale 1 Scale 2 Scale 3 
wSPPT3 0.3 0.15 0.075 
wSPPT3r 0.075 0.15 0.3 
wSPPT3s 0.5 0.25 0.125 

Table 5: Standard deviation weighting of the three 
scales used in experiments with the ARPEGE-Climate 
component of CNRM-CM (scales defined in Table 1) 

 
 

 
 

 
 
 
 
 
Figure 7: JJA Nino 3.4 reliability 
diagrams, Brier Score and reliability 
(Rel) and resolution (Res) 
decomposition for SST exceeding 
the second tercile (top row) and 
remaining below the first tercile of 
reference climatology (bottom row) 
for experiments REF, SPPT3 and 
SPPT2L (forecasts initialised May, 
1993-2009). Figure 10 from Batté and 
Doblas-Reyes (2015). 
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Figure 8: Root mean square skill score for DJF 2-metre temperature EC-Earth re-forecasts (initialised 
November, 1993-2009) for REF with respect to ERA-Interim climatological forecasts (a), and for 
experiments SPPT3 (b) and SPPT2L (c) with respect to REF. 
 
Based on these results with EC-Earth, and due to under-dispersion of the CNRM-CM GCM re-forecasts over the 
Tropical Pacific, METEOF worked on the implementation of SPPT perturbations in the ARPEGE-Climate 
component of CNRM-CM, using a higher resolution atmosphere (ARPEGE-Climate v6.2 T255L91 – NEMO 3.2 
ORCA1L42 - GELATO). Owing to model instabilities in the prognostic physics scheme when confronted to 
random perturbations of temperature and humidity, perturbations were applied to physical tendencies on wind 
components (u,v) only. Amplitudes for the perturbations in two experiments wSPPT3 and wSPPT3r were 
deliberately reduced with respect to values commonly used in the IFS model, so as to avoid further instabilities 
in ARPEGE-Climate.  
 
Table 5 shows the settings for SPPT perturbations in the different experiments. 30-member ensembles were run 
from November 1979-2012, and compared to a REF run with initial perturbations only. Figure 8b and c show 
results in terms of RMSSS using the REF ensemble as a reference to highlight areas of improvement with SPPT 
perturbations. Impact is quite limited, most likely due to the small amplitude of the perturbations, although setting 
higher amplitudes for the larger-scale perturbations seems to have more influence on the Pacific basin, Western 
Russia and Southeast Asia. Following minor changes to the ARPEGE-Climate model to improve stability, a third 
SPPT experiment was run with settings as in the SPPT3 experiment with EC-Earth, but still perturbing only wind 
tendencies.  
 
Figure 9 shows the impact on the spread-skill ratio over the Nino 3.4 region for SST re-forecasts. Although 
limited impact on spread is found, the perturbations from this third experiment give a substantial reduction of the 
model error. A thorough assessment of this third SPPT experiment is underway, but preliminary results suggest 

that impacts are quite similar to those with SPPT3 in EC-
Earth reported in Batté and Doblas-Reyes (2015). 
 
 
Figure 9: Ensemble spread (dots) and root mean 
square error (lines) according to forecast month in 
ARPEGE-climate ensembles REF, wSPPT3, wSPPT3r 
and wSPPT3s (in red, blue, green and orange, 
respectively), for boreal winter Nino 3.4 SST re-
forecasts initialized in November. See Table 5 for 
more details on SPPT settings. 
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3.1.2.2. Randomly correcting atmospheric model errors in seasonal forecast runs 
 
In parallel to the implementation of SPPT in CNRM-CM, METEOF continued work on the stochastic dynamics 
technique first described in Batté and Déqué (2012). This method consists in introducing in-run random 
perturbations/corrections of model errors to the atmospheric prognostic fields, such as temperature (T), vorticity 
(ψ) and specific humidity (q). Model errors are estimated using atmospheric nudging in constraint re-forecast 
runs. Nudging increments are stored each day of the nudged re-forecast and make up a correction population 
from which perturbations are randomly drawn in forecast mode, using cross-validation to remove the year of the 
forecast. Corrections are consistent in space and between variables as they are drawn by randomly selecting a 
date from the nudged run, and consistent with forecast time (at a monthly scale) by drawing corrections for the 
corresponding lead-time. There are two distinct settings to be defined for the technique: the strength of the 
relaxation, noted τ, in the nudged re-forecast (which influences the amplitude of corrections) and the random 
selection method for the perturbations in forecast mode (frequency at which corrections are changed, use of 
sequences or periodic averages of corrections). Several flavours of the technique have been tested as part of 
SPECS. 
 

 
 
Figure 10: Spectral amplitude of corrections for q, T and ψ for January 1980-2013 integrated over 200 
hPa layers of ARPEGE-Climate (top row), and for each forecast month of the nudged run for the 600-800 
hPa layer. Figure 1 from Batté and Déqué (2016). 
 
In a study presented in Batté and Déqué (2016), perturbations were defined by a 30-day weakly nudged CNRM-
CM run (ARPEGE-Climate v6.1 T127L91 – NEMO ORCA1L42 - GELATO).  Figure 10 shows an analysis in 
spectral space of the amplitude of the perturbations, averaged over the nudged re-forecast months and 200 hPa 
layers of the atmosphere. Differences in perturbation amplitude between upper and lower layers of the 
atmosphere are more pronounced for specific humidity than for temperature and streamfunction. The lower row 
of Figure 10 shows dependency of results with the nudged re-forecast lead time: amplitude increases with lead 
time for the smaller wavenumbers due to the weak τ, although most of the difference is found between 
November (1st month of the re-forecasts) and the following months. The dependency of these results and the 
slope of the amplitude spectra on τ has yet to be assessed. Temporal analysis of the perturbation terms showed 



    
 

 
SPECS (308378) D44.1                                                                                                                                    
  - 14 - 

that they had limited autocorrelation from one day to the next, although slightly larger for streamfunction, 
prompting the use of sequences of several consecutive days of corrections derived from the nudged run. A 
quadratic decomposition of the perturbation terms showed they were mostly made of inter-month variance, 
justifying their use as a means of increasing ensemble spread. 
 

 
Figure 11: (a-c) Spread of the REF ensemble for November-initialised forecasts of DJF for near-surface 
temperature, precipitation and Z500. (d-f, g-i) Relative spread in experiments SMM (resp. S5D) with 
respect to REF. Figure 7 from Batté and Déqué (2016). 
 
Two different settings for the frequency of corrections in forecast mode were explored as part of this study, 
namely monthly-mean correction terms (SMM ensemble) and 5-day sequences of corrections (S5D). 30-member 
ensemble re-forecasts were run over a 34-year period for November starts and four-month lead times. The 
stochastic dynamics ensembles were compared to a REF reference ensemble using corrections only at the initial 
time step. Impact on ensemble spread is shown in Figure 11, where maps of ensemble spread for REF 
(computed as the standard deviation around the ensemble mean) and relative spread for SMM and S5D with 
respect to REF are plotted for DJF near-surface temperature, precipitation and Z500 re-forecasts. The stochastic 
dynamics method increases near-surface temperature spread around the globe, although over most areas the 
differences in spread are not significant at a 95% level. For precipitation, the ensemble spread increases only in 
limited areas of the Tropical Pacific. A similar phenomenon was found with SPPT perturbations in EC-Earth3.  
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Figure 12: Bias with respect to 
ERA-Interim for Z500 DJF 1979-
2012 in REF, SMM and S5D 
ensembles, from forecasts 
initialised in November, start 
dates 1993-2009 inclusive. Figure 
6 in Batté and Déqué (2016). 
 
 

 
Limited impact is found in both re-forecasts in terms of forecast skill, however the technique considerably 
improves systematic errors in the system, such as the Northern Hemisphere mid- and high-latitudes 500hPa 
geopotential height bias, which is substantially reduced (see Figure 12). Similar results were found in Batté and 
Déqué (2012) with a previous system and higher values of τ. Both S5D and SMM exhibit North Atlantic weather 
regime statistics closer to ERA-Interim than the REF ensemble, suggesting that not only the model mean state 
but also its variability is improved. However, these improvements fail to translate into significant gains in terms of 
skill over the area. This could be due to the weak nudging coefficient used for this study, which intended to allow 
the model to drift closer to its own equilibrium than that of the reference, but could imply that the perturbation 
population doesn't properly sample model errors at the seasonal range. To test this hypothesis, several 
experiments with a more recent version of the CNRM-CM coupled seasonal forecasting system were run, using 
different values for τ.  
 
For these sensitivity tests, we used a higher resolution version of Arpege v6.1 (T359L91) and a slightly shorter 
hindcast period 1981-2010. Ten values for τ were tested: 1, 3, 5, 7, 10, 15, 20, 30, 60 and 120 days. All 
prognostic dynamical variables (stream function, velocity potential, temperature, moisture and surface pressure 
were relaxed toward 6-hourly ERA-interim data. As in the above experiment, the highest 2 and lowest 2 model 
levels are let free (τ = infinite) with a smooth transition on 6 levels. Only winter (NDJF) winter hindcasts were 
considered. Figure 13 shows the anomaly correlation in 3 regions 90°N-30°N, 30°N-30°S and 30°S-90°S for 500 
hPa height, precipitation and surface temperature. As expected, the scores decrease with increasing τ. Since we 
want the perturbation terms to measure the model errors for a particular year, the nudged solution must be close 
enough, in seasonal mean, to the reference. We can see that with τ=10 the Z500 ACC is 0.6 for both 
hemispheres. This indicates that τ should not be larger than this value. 
 

 
Figure 13: ACC in DJF for the nudging simulations as a function of τ.(days): Z500, precipitation and 
surface temperature for 90°N-30°N (red) 30°N-30°S (black) and 30°S-90°S (blue) 
 
The daily corrections due to nudging have been saved for the 5 variables. They sample the model error, in that 
sense that if they were exactly added time step by time step to the model, the forecasts should be identical to 
ERA-interim (this is not feasible because of the butterfly effect). They can be decomposed into: 

• a constant term which corresponds to the model climate error 
• a monthly year-to-year term with corresponds to the model inadequacy to produce seasonal forecasts 
• a daily term which can be considered as a random noise 

Z500 Precipitation Surface temperature 
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Adding just the first term to the model equations corresponds to flux correction methods. Adding just the third 
term corresponds to the classical stochastic perturbation methods like SPPT. The second terms represents the 
model inadequacy in the interannual range. In the choice of τ, we must evaluate the dependence of the size of 
the perturbation. 
 
Figure 14 shows the quadratic average (on both horizontal and vertical) of the 3 components of the correction 
term for the diagnostic variables of the model. They all decrease with τ. This result is not a simple arithmetic 
consequence. As τ increases, the model departs from ERA-interim and the correction is a ratio of two increasing 
terms. Of course, when τ is large, the correction tends to zero, as the distance model to reference cannot 
increase indefinitely. One can see on the figure that the red curve (model inadequacy in the large temporal 
scales) decreases more quickly than the other two, except for moisture, which is a second argument for 
choosing τ below 10 days. 
 

 
Figure 14: Global 
quadratic mean of the 
perturbation for the 
prognostic variables: 
constant term (blue), 
inter-annual term 
(red); intra-annual 
term (black) as a 
function of τ (days) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In order to better explore the role of τ we have performed pseudo-hindcasts in which the perturbation is the 
monthly mean of the above correction terms, and is applied for the same month (hindcasts for January 1981 use 
January 1981 mean correction). A small ensemble (4 members) is generated with initial perturbation, because 
this “perfect” correction is unable to drive the model on the right track with a single integration. Here we 
discarded τ=60 and τ=120 because of the above discussion. More members would be necessary to obtain 
results as in Batté and Déqué (2012), but given the model resolution, this is a costly experiment. 
 
 
Figure 15 shows the ACC scores. One can see that small values for τ are detrimental to the predictability, in 
particular for NH 500 hPa geopotential (red curve on the top panel). The optimum value seems to be between 5 
and 10 days. The scores obtained without perturbation are, as expected smaller. For example, with the same 
model and 4-member hindcasts, the correlation for NH Z500 is 0.24, whereas here with τ =10 we get 0.45. But 
this is of course not a fair hindcast, just a sensitivity experiment. 
 
 

Stream function (106 m2s-1 per day) Velocity potential (106 m2s-1 per day) 

Temperature (K per day) Moisture (g/kg per day) 

Surface pressure (hPa per day) 
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Figure 15: As figure 13 for pseudo-hindcasts with 
monthly perturbation terms from the nudging 
experiment. 
 

 
3.1.3.  Work done at ECMWF 
 
ECMWF has undertaken testing and analysis of recent developments in stochastic physics, in the context of 
preparatory work for a forthcoming new operational implementation of its seasonal forecasting system. Although 
the work was done in the closing stages of the SPECS project, some of the anticipated developments in 
stochastic perturbations had not reached the level of maturity needed for pre-operational testing. On the other 
hand, recent modelling developments at ECMWF have created some new challenges for the use of stochastic 
physics, by changing the model context in which they operate. Given these two considerations, it was decided to 
re-focus the SPECS work on the interaction of stochastic physics with high resolution cubic grids, and also on 
more general aspects of the use of stochastic physics in operational systems. The ECMWF contribution to this 
workpackage is reduced compared to the original expectations at the time the proposal was first written (3 
person months compared to 6 person months). 
 
One important consideration in undertaking this work has come from the growing realization as to the practical 
limits in testing seasonal forecast models in mid-latitudes, particularly in winter. Numerical models, particularly 
those of higher resolution, suffer from a low signal-noise ratio. This means that, when comparing two 
experiments, a moderate sized ensemble is insufficient to determine whether an apparent difference between 
the two experiments is real, or is just an artefact of inadequate sampling. Thus large ensembles are called for 
(maybe 51 members, maybe 101 members or more). From a Bayesian perspective, the problem is particularly 
acute when investigating model details where no or little prior information is available on suspected impact. For a 
model change where a particular impact is expected, that impact can be sought in a moderate experiment, and if 
the expected impact is seen, although it could be a chance result, it is more likely to be due to the expectation 
being correct, particularly if it is physically well grounded. When we do not know what to expect, larger samples 
are needed. When considering the impact of stochastic physics on mid-latitude seasonal forecast skill, where 
theory and prior experience suggest a complex and difficult-to-predict dependence of model behaviour on model 
formulation, we are unfortunately in the regime where large samples are needed to give trustworthy results for 
the mid-latitudes. This consideration has also shaped the scope of the work that we considered feasible for 
SPECS. 
 

Surface temperature 

Z500 Precipitation 
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3.1.3.1. Cubic grids and stochastic physics 
 
ECMWF has recently introduced the “cubic grid” as a replacement to the linear grid, to enable its spectral model 
to operate efficiently at higher resolutions. The use of a cubic grid allows high resolution in grid point space for a 
lower cost than would be possible with a linear grid. It also has a marked effect on the spectra of variability in the 
model, giving much enhanced variability at the smallest model scales. In fact, a TC255 model has more 
variability at its truncation resolution of n=255 than a TL511 model does. The fact that small scales are no longer 
damped has a significant impact on the climate of the stratosphere in particular. Two notable effects of the 
change in resolution are a cooling of the stratosphere and a change in the resolved wave forcing of the Quasi-
Biennial Oscillation (QBO). Both of these aspects of the model simulation are also sensitive to stochastic 
physics, and unfortunately the combination of stochastic physics and cubic grid pushes the model behaviour in 
an undesirable direction. 
 
Figure 16 shows the global mean temperature at 50 hPa from a set of forecasts made with different resolutions 
and stochastic physics settings of a CY43r1-physics branch of the IFS. The IFS has a cold bias in the lower 
stratosphere at all resolutions, but the TCo319L91 configuration has a particularly strong temperature bias. 
Switching on the SPPT3 stochastic physics cools the lower stratosphere further. The impact of SPPT3 is modest 
and cannot be blamed for the cold bias, but it is unfortunate that it is pushing the model mean state in the wrong 
direction. Figure 17 shows a comparison between two experiments using a TCo319L137 configuration of the 
model, one with standard SPPT3 settings (with amplitudes of the three timescales of 0.52, 0.18, 0.06) and one 
with reduced amplitude (0.18, 0.12, 0.06). The reduced amplitude SPPT3 allows a good treatment of the QBO, 
resulting in high predictive skill. The full SPPT3 results in excessive wave forcing which reduces the period of the 
QBO and degrades the forecasts, this despite attempts to counteract the high resolved flux by reducing the 
parameterized non-orographic gravity wave drag to low levels (both experiments in this figure have the same low 
level of this drag). These examples do not negate the value of stochastic physics, however, they do demonstrate 
that trade-offs are needed, and either improvements in the base model are required, or that there might be real 
value in moving to more physically based stochastic schemes than SPPT. 
 

 
Figure 16: Global mean temperature at 50 hPa 
from 4 experiments: green/orange TL255L91, 
red/blue TCo319L91. Green and blue experiments 
have SPPT3 switched on, orange and red have 
SPPT3 off. The black line indicates the 
operational analysis. 
 

 

 
Figure 17: Correlation skill of QBO forecasts, as 
represented by 30 hPa zonal wind, for May and 
November initialized forecasts in the period 2001-
2010. Blue: TCo319 with standard SPPT3, red: 
TCo319 with reduced SPPT3, black: persistence. 
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3.1.3.2. Non-linear interactions between stochastic physics and vertical resolution 
 
Given the importance of NH winter circulation in seasonal forecasting, the linkages of NH winter circulation to the 
stratosphere, and the sensitivity of the stratosphere to stochastic physics when using a cubic grid, it was decided 
to investigate the sensitivity of NW winter circulation to stochastic physics in more detail. Previous work had 
shown mixed results, consistent with the behaviour of the system being strongly non-linear. Further, sampling 
requirements mean that clear results cannot be obtained without large ensembles. Given computer limitations, 
we focussed on a single high profile case, the winter of 2009/10. 

 
Figure 18: Impact of SPPT3 on 1 Nov ensemble forecasts of November 2009 MSLP as given by two L137 

experiments (left) and two L91 experiments (right). 
 
To assess how stochastic physics impacts the 2009/10 circulation, 51-member ensembles for 2009/10 were run 
with and without stochastic physics, using a TCo319L137 configuration of the IFS. The experiments were then 
repeated with an L91 configuration. Figure 18 demonstrates that in the first month, the impact of SPPT3 is 
similar in both configurations. It is also the case (plots not shown) that SPPT3 reduces the error in the forecasts. 
It does this by increasing the speed with which the model ensemble reverts toward its climatology, lessening 
errors associated with unpredictable aspects of the flow. As such, SPPT3 is working as intended in the transition 
from predictable to unpredictable regimes. Figure 19 shows the impact of SPPT3 at the 2-4 month range, 
namely on the DJF seasonal mean. The story is now very different – there is a substantial dependence on 
vertical resolution. This is not just a matter of inadequate sampling – the L137 configuration shows a hugely 
significant sensitivity to SPPT3 over Antarctica, whereas this is completely absent at L91. 
   
The same four experiments can also be analysed differently, by asking what is the impact of a vertical resolution 
change for a given stochastic physics setting. The results are shown in Figure 20, which displays the sensitivity 
to vertical resolution (L137-L91) with and without SPPT3. The interesting result is that SPPT3 has the effect of 
reducing the sensitivity of the model to the configuration change. Similar results were found for sensitivity to a 
horizontal resolution change (not shown). This behaviour is consistent with a view that stochastic physics has a 
tendency to reduce model error – if this is in some sense a general property of stochastic physics, then we might 
expect models that had different errors to become more similar as they are nudged toward the truth. The 
mechanisms that might achieve this, and the range of circumstances in which they might reliably operate, 
remain obscure. 
 
 



    
 

 
SPECS (308378) D44.1                                                                                                                                    
  - 20 - 

 
Figure 19: Impact of SPPT3 on 1 Nov ensemble forecasts of DJF 2009/10 MSLP as given by two L137 

experiments (left) and two L91 experiments (right). 
 

   
Figure 20: Impact of 137 vs 91 levels when making 1 Nov ensemble forecasts of DJF 2009/10 MSLP as 

given by two experiments without SPPT (left) and two experiments with (right). 
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3.2. Addressing model inadequacy in the land surface 
 

3.2.1. Work done at UOXF 

3.2.1.1. Stochastic soil hydrology  

The land surface is a key source of seasonal predictability and it has been shown that land-atmosphere coupling 
contributes to the development of seasonal heatwaves. It is highly heterogeneous in space and time, which 
introduces uncertainty when the climate system is simulated on the typical grid resolution used in seasonal 
forecasting. Uncertain model parameter values are also a source of uncertainty in simulation. 
 
Previous work has shown that the land surface is particularly sensitive to parameters controlling the movement 
of water through the soil column (Cloke et al.,2011). In coupled seasonal hindcast experiments with the IFS and 
its land surface component, HTESSEL, UOXF have explored the impact of explicit representation of uncertainty 
in soil hydrology parameters, specifically the van Genuchten alpha parameter (van Genuchten, 1980) and the 
saturated soil conductivity. The default values of these parameters in the model set-up are based on the FAO 
soil map of the world (see Balsamo et al., 2009 for details). In reality they show a large variability; observed 
standard deviation in their values across soil samples can be as much as twice the mean (see MacLeod et al., 
2015, and Carsel and Parrish, 1988, for further details).  
 
Seasonal hindcast experiments were carried out for 1981-2012, initializing forecasts on 1 May and integrating for 
four months, with an ensemble size of 25. A first set of experiments was carried out with IFS CY36R4, with 
results described in MacLeod et al. 2015, with model data subsequently CMORized and uploaded to BADC. 
These experiments used either a perturbed parameter (PP) or stochastic tendency approach (ST). In the PP 
experiment the value of the two parameters used in each ensemble member is the default parameter, perturbed 
using a perturbation from the five-member set {-80,-40,0,+40,+80}%, giving the 25 member ensemble.  
 
 
In the ST experiments, soil moisture and temperature tendencies are perturbed using the three-scale spatially 
and temporally correlated field used in SPPT (Palmer et al., 2009). Three versions of the ST experiment were 

carried out, with a stronger weighting on the small, 
medium or long scale of the perturbing field (see 
MacLeod et al., 2015 for full details). In addition, a 
control experiment is carried out with no land surface 
perturbation. 
 
 
 
 
 
 
Figure 21: Probability density functions for 2003 
JJA 2 m air temperature over Europe (10°W–40°E, 
30–48°N), represented by the blue curve (small 
black lines indicate individual ensemble 
members). The grey curve indicates the 
climatological distribution and the red line 
indicates the observed temperature from ERA-
Interim. ST1-3 indicates experiments where the 
perturbing field is more strongly weighted toward 
the small, medium and larger scales respectively. 
Figure 3 from MacLeod et al., 2015. 
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Results show that the PP experiment improves the forecast of extreme air temperature for summer 2003, 
through better representation of negative soil-moisture anomalies and upward sensible heat flux (see Figure 21 

and 22). Averaged across all the 
reforecasts, PP shows relatively little 
impact on the mean bias, suggesting 
perturbations of at least this 
magnitude can be applied to the land 
surface without any degradation of 
model climate. There is also little 
impact on skill averaged across all 
reforecasts and some evidence of 
overdispersion for soil moisture. 
 
Figure 22: 2003 JJA ensemble mean 
anomalies for (a,d,g,j) control and 
(b,e,h,k) PP experiments. Reanalysis 
for JJA 2003 is shown in (c,f,i,l). 
Variables corresponding to top-level 
(a–c) soil moisture, (d–f) latent heat 
flux, (g–i) sensible heat flux and (j–l) 2 
m air temperature are shown. 
Reanalysis is ERA-Land for soil 
moisture, ERA-Interim otherwise. Note 
that flux anomalies are measured 
downwards and the contour scale is 
different between the models and 
reanalysis. Figure 4 from MacLeod et 
al. 2015. 
 

ST experiments show large overdispersion for the soil temperature fields, indicating that the perturbation here is 
too strong. There is also some indication that the forecast of the 2003 warm event is improved for the ST 
experiments; however, the improvement is not as large as observed for PP.  

Building on these initial experiments, further experiments were carried out with the more recent version of the 
IFS, CY41R1. Experiments carried out were as follows: 

• PP: perturbed parameters (as previously described) 

• ST: stochastic tendencies (as previously described, but with only soil moisture tendencies perturbed) 

• SP: stochastic parameters; where the parameters perturbed statically in PP are instead perturbed 
dynamically using the spectral pattern used in the ST experiments 

SP Experiments have been run using different weightings of the scales making up the pattern:  

• SP-equal: 3 scales with equal weightings 

• SP-mirror: with most weight on the longest scale 

• SP-5th: only one scale makes up the pattern, which is the normally unused 5th scale, which has a 
decorrelation length scale of 2000km and a timescale of 366 days 

The SP-5th experiment was run in order to approximate as closely as possible the conditions of the perturbed 
parameter experiment. 
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The CY41R1 PP experiment shows a significant improvement in the representation of soil moisture reliability, 
however the impact on the simulation of the 2003 heatwave is not as strong. Following the reliability categories 
definition of Weisheimer & Palmer, 2014 that simplifies the traditional reliability diagram into a ranking of 1-5, we 
show the categories for all 22 standard land regions (Giorgi & Francisco, 2003) for upper quintile JJA soil 
moisture in Figure 23. An example of the improvement in the reliability diagram for one region is also shown in 
Figure 24. This improvement seen in the PP experiment is not matched by the SP experiments; the only SP 
experiment with any improvement approaching that seen in PP is that with the longest scales, SP-5th. 

Results also show that perturbations significantly increase the spread of soil moisture, particularly in the tropics. 
However the spatial pattern of increase in spread is not consistent between the PP and SP experiments (see 
Figure 25); SP-5th impacts the spread in the boreal forest, whilst the PP experiment does not.  

Soil temperature and 2m air temperature spread is also impacted by the perturbation, via latent and sensible 
heat fluxes. Figure 25f-i also shows 2m-air temperature spread for the experiments. Increasing the 
temporal/spatial correlation of the perturbing SPi pattern generally increases the spread, though there is minimal 
difference between SP-mirror and SP-5th (comparing Figure 25c/d or Figure 25h/i).  

However the comparison between SP-5th and the PP experiment reveals significant difference in the impact on 
soil temperature spread, despite the impact on soil moisture spread being relatively consistent between the 
experiments. PP shows minimal increase in soil temperature spread, limited to Africa and central, whilst the 
highest increase in spread in the SP experiments occurs in South America.  

 
Figure 23: Reliability categories for upper quintile JJA soil moisture from May-initialised forecasts. Left-
right show the categories in the control, PP and SP-5. For definition of reliability categories, see 
Weisheimer and Palmer 2014. 
 

 
Figure 24: Example reliability diagrams for upper quintile JJA soil moisture over western North America 
from May-initialised forecasts. Left-right show the control, PP and SP-5 experiments. 
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Figure 25: Impact on JJA spread in coupled seasonal perturbation experiments. Soil moisture in the top 
layer is shown in figures a-e, 2m air temperature in f-i. In each case the left hand figure shows the 
control spread/error, then the following three correspond to SPi-equal, SPi-mirror, Spi-5th and PP. 
 

3.2.1.2. Impact of uncertainty in hydrology parameters on soil moisture memory 

Using the uncoupled land surface model HTESSEL, UOXF have also explored the impact of hydrological 
parameter uncertainty on soil moisture memory (MacLeod et al. 2016). The persistence of soil moisture is an 
important aspect of land-atmosphere interactions (e.g. Delworth and Manabe, 1992, Koster and Suarez 1995) 
however estimates are uncertain. No previous work has addressed the question of how uncertainty in 
hydrological parameters might impact the estimated on soil moisture memory. 

This question was addressed by performing a global sensitivity analysis with HTESSEL forced with ERA-
INTERIM, using combinations of initial dates, forcing and parameters to explore the relationship between 
ensemble spread and lead time. The parameters considered are the same as used in the coupled IFS 
experiments described in the previous section: the van-Genuchten alpha parameter and the saturated soil 
conductivity. Parameter perturbations are generated by with all combinations of perturbations from the 5 
member set {-80,-40,0,+40,+80}%, giving a 25-member ensemble.  

Initial conditions are taken from each year 1981-2005 and four months of forcing is used from the same years (in 
a seasonal forecast-like setup). For each combination of initial conditions, forcing and parameter perturbation 
one simulation is carried out, giving 253=15,625 members. This is carried out for 1 May and 1 November start 
dates separately and in each case memory is estimated by lead time in which the spread due to initial conditions 
of a sub-ensemble is above a threshold (see MacLeod et al 2016 for full description of the methodology). 
Sensitivity to hydrology parameters is estimated by the standard deviation of the memory loss date across all 

parameter combinations. 

Figure 26: Sensitivity of soil 
moisture memory to hydrology 
parameters, measured by the 
standard deviation in the date 
of average memory loss over 
the parameter distribution (see 
et al. 2016b for full 
methodology). Estimated 
using H-TESSEL for 1 May & 1 
November start dates. Figure 3 
from MacLeod et al. 2016. 
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It is found that estimates of soil moisture memory are quite sensitive to hydrological parameter uncertainty and 
start date (see Figure 26). Results therefore suggest that operational seasonal forecasting models using 
deterministic hydraulic parameter values are likely to display a narrower range of memory than exists in reality. 
Explicitly incorporating hydraulic parameter uncertainty in models may then give improvements in forecast skill 
and reliability. These findings support results with the coupled model described in the previous section, and in 
MacLeod et al., 2015. 

3.2.1.3. Stochastic land-atmosphere thermal coupling 

Land atmosphere coupling in HTESSEL is controlled by the parameter Λ!", defined separately for the different 
tile types in HTESSEL. The parameter is not well constrained by observations, and the deterministic value of the 
parameter used is quite uncertain (Gianpaolo Balsamo, personal communication). In addition, the IFS is known 
to be under-dispersive and have significant biases for surface temperature, particularly in terms of minimum and 
maximum skin temperature. In collaboration with the ECMWF, UOXF have experimented with adding stochastic 
perturbation to the land-atmosphere thermal coupling parameter, as a strategy to target these issues of bias and 
under-dispersion. 

Extended-range hindcast experiments were carried out, with a control 32-day hindcast with start dates every 16 
days from 1 December 2013 to 26 November 2014, with 20 members (perturbed with initial conditions and SPPT 
in the atmosphere). Two experiments with stochastic perturbation to Λsk were attempted: 

• Λ!"!.!, where Λ!"is perturbed using the 1-scale spectral pattern used in the new experimental 
Stochastically Perturbed Parameters (SPP) scheme, using a value of 0.5 for the perturbation magnitude 
distribution and the SPP default space and time scales (Ollinaho et al., submitted). 

• Λ!"
!"#, as Λ!"!.! but instead using long time and space scales (for the forecast window, the timescale 

approaches infinity) 

 

Figure 27: Skin and soil 
temperature monthly 
average UTC bias, vs 
ERA-Land (top and 
bottom rows) for the 
control (left). Middle 
column shows difference 
between 𝚲𝒔𝒌𝟎.𝟓experiment, 
and control, right column 
shows the difference 
between 𝚲𝒔𝒌

𝒊𝒏𝒇 and control. 
 

 

The perturbation has a 
modest impact. There is a 
tendency for cooling, 
though this is small (see 

Figure 27). The impact is generally insensitive to the diurnal cycle, with equal impact on the bias and spread at 
00UTC and 12UTC. Results show some slight impact on spread in 2m air temperature and skin temperature, 
with largest differences seen in the Northern Hemisphere, though the impact on spread is not always positive, 
and generally less than 2% of the control spread (see Figure 28). A smaller impact is seen for the Tropics and 
Southern Hemisphere. In addition, there is generally a slight increase in RMSE in the experimental hindcasts. 
The average impact on spread observed is also not systematic: the variability of the impact across start dates is 
much larger than the average. 
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Overall, the impacts of the stochastic perturbation on land-atmosphere coupling are quite modest, and much 
smaller than what might have been expected based on initial experiments at ECMWF (Balsamo, personal 
communication). Work is on going to investigate why this is the case and develop more effective perturbation 
strategies. Initial results from a small hindcast suggest that the initial condition perturbation is interacting in a 
non-additive way with spread introduced by perturbation to the coupling parameter. With the initial perturbations 
switched off, perturbing the coupling has a relatively small but significant impact on ensemble spread. However 
with initial perturbations on, the additional spread introduced by the coupling perturbation is zero (see Figure 29). 
From this it seems that the dispersion that can potentially provided by a stochastic perturbation to the coupling 
parameter is already being provided by the initial perturbations. 

 

Figure 28: Impact 
of the experiment 
𝚲𝒔𝒌𝟎.𝟓 on skin 

temperature 
ensemble spread. 
Each graph 
represents the 
difference in 
spread as a 
percentage of the 
control spread 
averaged across all 
start dates as a 
function of lead-
time, for each of 
the standard land 
regions (Giorgi & 
Francisco, 2003). 

 

 

 

 

 

Figure 29: Impact of various perturbations on Northern 
Hemisphere Extratropics skin temperature ensemble 
spread for two start dates. The green and red lines show 
runs with initial conditions off (green/red with stochastic 
land-atmosphere coupling perturbation on/off) whilst the 
blue line indicates impact on spread when only the 
coupling perturbation is active. 
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3.2.2. Work done at ENEA 

3.2.2.1. Incorporating dynamic vegetation 

In the standard EC-Earth version (CTRL), the fractional coverage of bare soil and the maximum fractional 
coverage and density of vegetation are fixed in time. To introduce a more realistic representation of vegetation 
variability in the land-surface model of EC-Earth (HTESSEL) and its coupling with the overlying atmosphere, 
ENEA designed a modified version (MODIF) that allows vegetation density to change as a function of LAI for 
both low and high vegetation. Similarly to what described in Alessandri et al. (2007) for the ORCHIDEE land 
model, the vegetation densities (Ch, Cl) are made to vary in time (t) according to the Lambert Beer (LB) law of 
extinction of light under a vegetation canopy: 
 
Ch t = 1 − 𝑒 !! !"#!(!)          (1) 
 
where k=0.5 and LAIh is LAI for high vegetation (the corresponding equation applies for low vegetation). Note 
that also the bare soil tile fraction is computed as the residual that is not covered by vegetation and so can also 
change with time. 
 
The effective vegetation cover can vary in time in the modified version as a function of vegetation state (LAI) 
variability. Accordingly, the albedo, surface roughness length and soil water exploitable by roots for 
evapotranspiration will vary following the variability of the effective vegetation cover at interannual and seasonal 
time scales. Also, the fraction of snow that is shaded by the high vegetation will now depend on LAI. This is an 
important factor in boreal forests during winter because, by shading snow, vegetation can reduce albedo from 
the 0.7-0.9 values typical of white snow to 0.25-0.35 of snow beneath high vegetation (Hartman, 2016). 
 

ENEA performed a retrospective seasonal hindcast experiment with prescribed LAI from a dataset based on the 
third generation GIMMS and MODIS satellite observations (Zhu et al., 2013). Hindcast were run for 7 months 
forecast length with 1st May and 1st November start dates and 10 members for each start date for each of the 
28 years (1982-2009). Atmospheric ICs for the seasonal hindcast experiment were taken from ERA-INTERIM 
(Dee et al., 2011) and perturbations, generated by using the singular vector method, were applied to all the 
prognostic variables except humidity (Du et al., 2012). Land surface ICs were taken from ERA-land (Balsamo et 
al., 2015), while ocean ICs were from the 3D-Var five-member ensemble ocean re-analysis NEMOVAR-ORAS4 
(Mogensen et al., 2012). Sea ice initialization was produced using five-member historical climate simulations 
performed with EC-Earth constrained by ocean and atmosphere observational data (Guemas et al., 2014). 
Identical initialization for all model components of the modified (MODIF) and the control (CTRL) hindcasts was 
used, the only difference being that in CTRL the new effective vegetation cover parameterization has been 
switched off and as a consequence the vegetation densities are constant in time. 
 
The observationally-based LAI data has been obtained from a novel dataset based on the third generation 
GIMMS and MODIS satellite observations (Zhu et al., 2013). The LAI dataset was suitably pre-processed 
(monthly averaged, interpolated, gap-filled) to use in the land surface scheme of EC-Earth (HTESSEL). The 
performance of retrospective forecasts is evaluated by taking as the reference the ERA-INTERIM reanalysis 
(Dee et al., 2011) for 2m-temperature and surface fluxes of latent and sensible heat, while the GPCP satellite-
based dataset is used for precipitation (Adler et al., 2003) 
 
Results show that the MODIF experiments lead to an unprecedented enhancement of the EC-Earth performance 
over areas where the land-atmosphere coupling is strong. Particularly large effects are shown over boreal winter 
middle-to-high latitudes over Eastern Europe, Russia, eastern Siberia, Canada and West US due to the 
implemented time-varying shadowing effect by tree-vegetation on snow surfaces. 
 
The representation of the effective vegetation cover variability in MODIF leads, over mid-latitude boreal forest 
regions, to enhanced skill of the winter (DJF) seasonal forecasts (Figure 30). The analysis indicates that the 
better performance over mid-latitude boreal forests can be attributed to the improvement in forecasting surface 
albedo over snow covered areas that follows from the realistic representation of vegetation cover variability. 
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Figure 30: (a) CTRLseas 1-month-lead boreal winter 
(DJF) 2m Temperature correlation with ERA-
INTERIM and (b) MODIFseas minus CTRLseas 
correlation difference. Dotted grid points did not 
pass a significance test at 10% level. 

 

 
Figure 31: As Figure 25 but for boreal summer 

(JJA) precipitation. 
 

The representation of the effective vegetation cover variability in MODIF has significant effects on the 
predictability of 2m temperature and rainfall over transitional land-surface hot spots as the Sahel, North 
American Great Plains, North East Brazil and South East Asia. Even if displaying some mixed results due to the 
unavoidable internal noise, the MODIF rainfall forecasts are improved in many land areas also showing 
enhancement for 2m-temperature. Noticeable skill enhancement is found for the seasonal forecasts of 
precipitation in boreal summer over transitional land regions also showing enhancement for 2m-temperature, 
particularly over Sahel, continental North America including Great Plains, North East, South-East Asia and 
south-eastern Europe/western Russia (Figure 31). The improvement is at least in part related to the better 
prediction of evapotranspiration in MODIF. For Sahel, US Great Plains and South East Asia the skill 
enhancement for precipitation is also coupled with the improved prediction of atmospheric moisture 
convergence.  
 
To investigate the predictability enhancement discussed above, the relationships between the improvements of 
the correlation for the target variables (2m-temperature and precipitation) is analysed with respect to the 
improvements in the possible surface drivers for the areas of interest in Figure 30 and Figure 31. For this the 
correlation coefficient is decomposed in its components measuring the covariance between each predicted (xi) 
and reference (yi) yearly anomalies [eq. 2; hereinafter normalized yearly covariance, r(x; y)i]. 
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!/!         (2) 

 
Subscript i identifies each forecast start date and n is the total number of forecast start dates; overbars indicate 
climatological averages and the primes denote anomalies (subtraction of climatological yearly values). 
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The MODIF minus CTRL difference in the normalized yearly covariance (Δr) is analysed to identify the possible 
surface drivers for the enhanced predictability of the target variables due to the improved land scheme. To this 
aim, the linear relation between Δr of the target and driver fields is assessed using a least square method and 
significance of the slope of linear relationship is evaluated using a Fisher parametric test. The positive linear 
relationship between target and driver in terms of the MODIF minus CTRL yearly covariance differences 
indicates the enhanced predictability of the target as mediated by the driver, which is directly affected by the 
improved land surface scheme. 
 
Figure 32: Scatterplot of the normalized yearly covariance differences between MODIF and CTRL for the 

boreal winter (DJF) predictions averaged over 
the N. America boreal forest domain (130W-
60W; 45N-60N) of (a) T2m vs. albedo and (b) 
T2m vs. snow-depth. Black filled circles are 
the normalized yearly covariance differences 
computed for each year (i=1,2...28). 
Regression lines indicate significant (10% 
level) relationship between improved 
prediction of T2m and enhanced (a) albedo 
and (b) snow depth. 
 
 
 
Figure 33: As Figure 32 but for the boreal 
summer (JJA) predictions averaged over the 
Sahel domain (15W-30E; 5N-20N) of (a) 
Precipitation vs. evapotranspiration and (b) 
Precipitation vs. moisture convergence. 
 

 
The analysis indicates that the better performance over mid-latitude boreal forests can be attributed to an 
improvement of the sensitivity of modelled albedo over snow covered areas as coming from the representation 
of vegetation cover variability. This is shown in Figure 32 for N. America boreal forests (130W-60W; 45N-60N) 
showing the scatterplot of the Δr for each year (i = 1, 2…28) of T2m vs. albedo (Figure 32a) and of T2m vs. 
snow depth (Figure 32b). The slope of the regression line in Figure 27a indicates a modest relationship between 
the enhanced predictability of T2m and albedo. Indeed, the fact that most of the years occur in the upper right 
quadrant indicates that improvements in the prediction of surface albedo also drive enhanced T2m forecasts. A 
quite similar relationship is found between T2m and snow depth in Figure 32b. 
 
The precipitation improvements are significantly related to the effects of the representation of vegetation cover 
variability on evapotranspiration and related surface partitioning between sensible and latent heat fluxes. As 
shown for the Sahel domain (15W-30E; 5N-20N) in Figure 33 the improved prediction of evapotranspiration in 
MODIF compared to CTRL also leads to enhanced precipitation forecasts in most of the years (Figure 33a). The 
strong relation between precipitation and evapotranspiration appears also coupled with the atmospheric 
dynamics via a significant enhancement of precipitation normalized yearly covariances due to improved 
prediction of moisture convergence (Figure 28b). 
 
This work showing for the first time an encouraging enhancement of climate simulation and prediction due to the 
increased model sensitivity to vegetation variability has been accepted for publication in the peer-reviewed 
journal Climate Dynamics. A comprehensive assessment of the MODIF vs. CTRL seasonal forecast 
enhancements in terms of probabilistic scores is discussed in a paper currently under submission by Catalano et 
al. (2016). 
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3.3. Addressing model inadequacy in the ocean 
3.3.1. Work done at UOXF 

3.3.1.1. Investigation of stochastic parameterization methods for the ocean 

A preliminary investigation into the feasibility of introducing stochastic schemes into the ocean has been carried 
out at UOXF. The impact of ocean stochastic parameterizations has been demonstrated in a climatological 
context (e.g. Brankart 2013), but as yet no comparable stochastic parameterization in the ocean has been 
implemented into operational coupled models. Since some of the proposed stochastic schemes for ocean 
subgrid-scale parameterizations (e.g. Porta Mana and Zanna 2014) may not be straightforward to implement in 
complex coupled global models, work at Oxford has been carried out to investigate the impact of simpler 
stochastic schemes of similar complexity to those used in the atmosphere. These schemes aim at quantifying 
model uncertainty based on existing parameterizations. 

Three methods of stochastic parameterization in the ocean have been considered, using IFS/NEMO (Andrejczuk 
et al, 2016). Stochastic perturbations were made to: 

• Air-sea fluxes (similar to Williams, 2012) 

• The equation of state (similar to Brankart, 2013) 

• The parameterized tendencies of diffusion-mixing and viscosity (similar to the SPPT scheme used 
successfully in atmospheric models, e.g. Palmer et al. 2009) 

For each method a 10-member seasonal hindcast ensemble was run. Hindcasts were initialized on each 1st 
November in 1989-1998 and integrated for 3 months. 

The largest impact on spread and bias came from the SPPT-like scheme. Key regions impacted are eddy-active 
regions, namely, the western boundary currents and the Southern Ocean, where ensemble spread is increased 
(see Figure 34). However, unlike its impact in the atmosphere, SPPT in the ocean did not result in a significant 
decrease in forecast error on seasonal time scales. These results suggest that future stochastic schemes will 
have to be more sophisticated. 

Recently additional experiments were carried out informed by work done by Andrejczuk et al. 2016. These were 
20 member ensemble seasonal runs of 10 months lead-time with IFS/NEMOP. Hindcasts were initialised on 1 
May 1981-2010. A control run was carried out, including default IFS atmospheric stochastic perturbations (SPPT 
and SPBS), as well as an experimental hindcast including stochastic perturbation in three key ocean 
parameterizations.  

The three parameterizations perturbed were:  

• The Gent-McWilliams scheme (Gent and McWilliams, 1990) 

• A turbulent kinetic energy mixing scheme  

• An enhanced vertical diffusion scheme for unstable stratification 

For the Gent-McWilliams scheme the perturbation is applied to the parameter controlling the amplitude of the 
eddy induced velocity. For the turbulent kinetic energy vertical mixing scheme the perturbation is applied to the 
tendencies of the vertical shear and stratification, whilst for the vertical diffusion scheme the perturbation is 
applied to the parameter controlling the maximum tracer diffusivity. In each case the tendencies or parameters in 
the scheme are perturbed via multiplicative noise, via a random number sampled from a symmetric distribution 
with zero mean. The random numbers are temporally correlated via a first order autoregressive process, whilst 
spatially correlations are defined via an exponentially decaying correlation matrix (see Juricke and Jung, 2014 
for more details). 
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Figure 34: Statistics of the upper 
300-m ocean heat content (J m-2) 
averaged over days 60–90 of the 
seasonal forecast integration. 
(a) Mean bias in the control 
integration. (b) Difference in the 
bias between the integration 
with SPPT and the control. (c) 
Ensemble spread (variance) in 
the control integration. (d) 
Difference in the ensemble 
spread between the integration 
with SPPT and the control. 
Hatched areas indicate regions 
where the signal is greater than 
the noise (see Andrejczuk et al. 
2016 for details). Note the 
different colour scales. Figure 1 
from Andrejczuk et al., 2016. 

 

 
 
 
Figure 35: Mean 
square skill score of 
stochastic ocean 
experiments at month 
8-10 for (a-c) sea 
surface temperature, 
(d-f) 2m air 
temperature and (g-i) 
mean sea level 
pressure. Left column 
shows unperturbed 
ocean control, central 
column shows the 
stochastic ocean 
experiment and the 
right column shows 
the difference between 
them (stochastic 
minus control).  
 

 

 

On seasonal timescales some improvements are seen over North America at long leads (lead 8-10, figure 35). 
Root mean square skill score is improved for sea surface temperature over the extratropical Pacific and over the 
Atlantic Figure 35c. Improvements are also seen for 2m air temperature and mean sea level pressure (Figure 
35f & i), extending over the North American continent. These improvements are also seen in probabilistic brier 
scores for tercile events (not shown). Improvements however are only apparent at these long timescales; before 
lead month 8 no improvement is observed.  
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d 
d 
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6. Efforts for this deliverable 
How many person-months have been used up for this deliverable? 
 

Partner Person-months 
(actual) 

Person-
months  
(in-kind) 

Period covered 

1. UOXF 45    
2. METEOF 14   
3. ENEA 12   
4. ECMWF  3   
Total 74  M1~M48 
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7. Sustainability  
 
Model inadequacy arises from many sources. Parameterization of sub-grid scale processes introduces 
uncertainty, as does inadequate representation of boundary conditions and uncertainty in parameter values. In 
this work package cutting-edge methodologies to address model uncertainty in climate forecast systems have 
been investigated, implemented and tested, for the atmosphere, land surface and ocean. Some general 
conclusions can be drawn, these are discussed below along with some specific lessons and notes about the 
continuation of work and links with other work packages and projects from each individual partner.  
 
UOXF, METEOF and ECMWF have independently investigated the application of stochastic parameterizations 
into the atmosphere, land surface and ocean in seasonal forecasting systems. Some general consensus: 

• Perturbations are able to improve the model mean state, climatological distribution and skill. However 
this is not always the case and in some configurations there are as many reductions in skill as there are 
improvements 

• Impact of stochastic perturbations is non-systematic and difficult to assess, given limited sample sizes. 
• Improvements seen with perturbation are not always carried forward into new model cycles. 
• Introduction of new parameterizations give new parameters, which may be tuned. However it is difficult 

to objectively define these parameters, and tuning is likely to be model (and model cycle) dependent. 
 
UOXF 
Work done in SPECS on stochastic hydrology and stochastic ocean parameterizations has been built into the 
EC-EARTH model at ECMWF for the PRIMAVERA project. These will be used to investigate the impact of 
stochastic perturbation on climate timescales. 
 
A logistical lesson was learned: the CMORizing process could have been more efficient. Work on CMORizing 
was started before bugs in the relevant processing scripts were removed. In total a lot of time was spent on this 
process and mostly in re-running the processing with updated scripts. Our recommendation for the future would 
be to hold back the work if the upstream software has not yet been fully quality-controlled, even if this means 
delaying a deliverable. Overall this will save person-months. 
 
METEOF 
In the scope of the SPECS project, this work had strong links to work in WP2.1 on evaluation of forecast quality. 
R packages s2dverification and SpecsVerification developed in the framework of SPECS were used for quality 
assessments and significance testing. A comparison of the impact of SPPT on forecast skill with results in 
WP4.1 on the impact of increased horizontal resolution was done for EC-Earth, and results published in Berner 
et al. (2016). We found that for Nino 3.4 SST re-forecasts, SPPT improved model error, but to a lesser extent 
than increased horizontal resolution. 
 
Beyond SPECS, work on stochastic perturbations in the CNRM-CM and EC-Earth coupled seasonal forecasting 
systems will be carried on in the scope of the H2020-APPLICATE project, with a focus perturbations in the 
atmosphere and ocean components and impacts on polar - mid-latitude linkages. 
 
ENEA 
ENEA’s contribution to this deliverable is a shared effort with WP 4.2 and part of the results presented here are 
also described in deliverable D42.1. 
 
ECMWF 
The lessons learned on the behaviour of SPPT in high resolution systems have immediate relevance for the 
implementation of the next version of the operational seasonal forecasting system, which will be implemented in 
partnership with the Copernicus Climate Change Service. More generally, the difficulty of tuning a purely 
empirical approach to stochastic physics in high resolution forecasting systems only strengthens ECMWF’s 
existing resolve to work towards more physically based perturbation schemes. 


