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Model errors in ensemble DA
‣Relaxation approaches in DA:  

RTPP, RTPS, random noise, 
warm bubbles, … 

‣Perturbation approaches in 
forecasts:  
Multi-physics, SPPT, SPP, PSP, 
SKEB, …

‣“It is surprisingly hard to improve upon additive inflation by replacing it with 
SKEB” (Whitaker and Hamill 2013) 
and confirmed by follow-up studies (e.g. Ha et al. 2015).



Model errors in convective-scale DA and forecasts

‣Combining the PSP scheme had little effects on RMSE compared  
to the effects of additive noise (Zheng et al. 2020). 
‣When multiple uncertainty schemes are combined, the net variance increase 

is much smaller than the simple sum of their variances. 
e.g. Hermoso et al. 2021(multi physics, SPPT and MPRP), Frogner et al. 2022 (IBC and SPPT),  
Chen et al. 2024 (PSP and SPPMP)

Q: When, where, and how do perturbations from different sources interact?
• in a forecast mode 
• with 2 model uncertainty schemes 
• for convective precipitation events over Germany



Operational at DWD since Feb. 2021

Model Based on ICON-LAM 
(driven by externally supplied boundary conditions)

Resolution 2 km horizontal grid spacing 
65 vertical levels up to 22 km agl

Microphysics Two-moment scheme (Seifert and Beheng 2006)

Initialisation and 
forecast length

8 convective days from June 2021 and Aug. 2022,  
from 00 UTC up to 24h

Initial and 
Boundary 
conditions

20 ICs from KENDA (Schraff et al. 2016) 
20 LBCs from ICON-EU-EPS

Model: ICON-D2
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The operational NWP system at DWD
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I: Initial + boundary conditions

Uncertainty representations (schemes)

Hirt et al. (2019)

34 representing boundary-layer turbulence variability

Figure 13: Different components for the stochastic perturbations are shown for the 5th lowest
model level at 18:00 UTC using the PSP simulation (see Table 1). (a) shows the gaussian
convolved random field; (b) displays the subgrid variability of temperature (in [K2]); and
(c) shows the final temperature perturbations (in [Ks�1]).

3.1.2 Modifications to the PSP scheme

3.1.2.1 Autoregressive process: PSP-AR

In the original version of the PSP scheme, a new random field h was generated every
teddy = 10 min and was held constant in between, as illustrated in Fig. 14. To ensure a
more realistic evolution, we introduce a continuously evolving random field by using
an auto-regressive (AR) process:

ht = st · ht�1 + se · et.

The autoregressive parameter st defines the temporal correlation scale as described
below. A random field et is generated at each time step t with same spatial correlation
scale as h, and standard deviation 1 and mean 0. The parameter se scales e as described
below. To ensure a stationary process (i.e., mean and variance remain constant with
time) that contains "memory" (i.e., subsequent time steps are positively correlated) we
require 0 < |st| < 1 (Wilks, 2005). To determine the two scaling parameter st and se we
consider two constraints. First, the variance of the random field ht is required to be 1,
which leads to the relationship se =

p
1 � s2

t . Second, the autoregressive parameter st

is defined in terms of the characteristic time scale for decay of the temporal correlation
between two fields, t. We take this correlation time scale t as the exponential decay
scale of the autocorrelation function r(k) = sk

t = ek ln st , where k corresponds to the lag
t � t0. Then, the correlation time scale is linked the autoregressive parameter st by t =
�

1
ln st

(see Wilks, 2005, for more details). We set t to the time scale at which the random
field was modified in the original PSP scheme, i.e., teddy = 10 min. A corresponding
time series is shown in Fig. 14. The original PSP scheme with this modification will be
denoted as PSP-AR.

3.1.2.2 Adaptive boundary-layer height restriction: PSP-HPBLcut

It will be shown in section3.3.2 that the original PSP showed unrealistic precipitation
at night (Fig.15), which can be related to considerable perturbations in the free tropo-
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sources, processes and sinks, is a very important topic. The main objectives of this thesis
are:

1) Quantification of the contribution of atmospheric new particle formation to regional
CCN budgets. This aim includes the examination of existing and the development of new
mathematical methods aimed at such quantification, the analysis of new observational data
from around the world and connecting the measured and calculated data with latest
modelling endeavours.

2) The examination and detailed description of CCN activation and hygroscopic properties
as  relevant  for  the  CCN  cloud  forming  potential.  This  aim  includes  the  analysis  of  the
cloud condensation nuclei counter CCNC dataset from Hyytiälä, the first long-term multi-
year dataset in the world, and combining it with the CCNC measurements conducted
elsewhere within the EUCAARI framework. This section specifically focuses on
estimating the effect of particle size, number size distribution, aerosol hygroscopicity and
its variation with size on the activation of CCN into cloud droplets.

3) Quantification of CCN removal by snow scavenging. This aim includes the estimation
of the role of snow scavenging as a CCN removal mechanism and comparing its efficiency
to that of other CCN removal mechanisms, specifically in-cloud scavenging by CCN
activation. Part of the focus also includes the examination of various meteorological
parameters on the scavenging efficiency of snow.

Figure 1. A simple schematic of the indirect effect of aerosols on climate.Paranomov (2015)

P: PSP scheme M: microphysical PP

Model Uncertainty representations



Var(x′ ipm) = Var(x′ i) + Var(x′ p) + Var(x′ m)
+2(Cov(x′ i, x′ p) + Cov(x′ i, x′ m) + Cov(x′ p, x′ m))

Variance due to a single source 

Interaction between sources

Variance budget: variance decomposition

When the interaction terms are zero, the total variance becomes 
equal to the sum of Vars. 
-> Impacts are orthogonal and there is no redundancy.
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• Model uncertainties grow quickly after convection initiation.



Evolution of variances and interactions
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• Model uncertainties grow quickly after convection initiation. 
• but mostly cancelled out by the interaction terms.



Overlapped variance distributions

• MU variance are concentrated in convective regions, part of IBC variance.

IBC PSP MPP Hourly precip.

Snapshot



Impact under high dimensionality
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Impact under high dimensionality

Convective updraft

I IP

PSP impact

0

• Anti-phase relationship between impacts due to displacements 
• Tiny added information in terms of energy
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Summary

• MU schemes introduce variance, but mostly cancelled out by the interactions. 
Quick MU variance growth where convection is active. 
The region is part of the IBC variance. 

• MU variances arise largely from displacements.  
Overlap effect of perturbation methods on average 

Q: When, where, and how do perturbations from different sources interact?

Matsunobu, T., Keil, C., Craig, C. G. (2024) : A Variance Budget to estimate the Growth and Interaction of 
Uncertainties in Convective-scale Forecasts. To be submitted.



Next step: model uncertainty impact over ETKF cycles

• Similar overlap? 

• Scale-dependent interactions? 

• Which is more important:  
changes in first guess distributions or subsequent error 
covariances?  

• Are they correlated? 

• How sensitive to the diurnal cycle?



I: Initial + boundary conditions

I IP IPMturn on PSP turn on MPP
x 20 x 20 x 20

Variance budget: impact sampling
P: PSP scheme M: microphysical PP
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Evolution of variances and interactions
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• Variance growth driven by convective activity 
• Slight increase by PSP at 12 UTC, followed by increase by MPP



Var(x′ ipm) = Var(x′ i) + Var(x′ p) + Var(x′ m)
+2(Cov(x′ i, x′ p) + Cov(x′ i, x′ m) + Cov(x′ p, x′ m))

Cov(x′ i, x′ p) = Var(x′ i) Var(x′ p)Corr(x′ i, x′ p)
Pearson correlation coefficient

Variance budget: variance decomposition

• We can quantify: 
• variability from individual sources  
• their interactions in a form of correlation



Convection correlates impact (IBC x PSP)
Corr(IBC, PSP)

Correlation

• Negatively correlated. 
• Strong correlation with local convection.



104 5. Variance-based assessment

Figure 5.25: Example of temperature impact distributions for (a) IBC, (b) PSP, and (c)
MPP at the 500 hPa pressure level at peak convection (1600 UTC on 15 August). An area
of 180 x 180 km over northern Germany is shown. The colour unit is K. Black, red, and
blue contours indicate location of convective updraft (vertical wind > 1.0 m/s) of ensemble
member 2 in the I, IP , and IPM ensembles, respectively. Refer to the text for letters A,
B and C.

by further adding MPP to that, the convection is displaced and shows paired positive
and negative impacts due to displacement (Fig. 5.25c). The next example, convection on
the south from the sign ”B” indicates that missing convection shows strong sign-reversed
impact between IBC and PSP (Fig. 5.25a,b) and neutral impact of MPP (Fig. 5.25c).
This explains why only PSP responds to the IBC impact; the displacement is unlikely
to survive two paths in the pathway. Last, PSP and MPP impact have an updraft at
the same location (west of ”C” in Fig. 5.25c) but still show the opposite sign of impact.
This is a case that was caused by the displacement in time. Despite the precise location of
convection, the short duration of strong upward heat transport leads to the opposite sign of
impact. Thus, such displacement has a strong effect as a factor pushing anomalous signals
towards the ensemble mean, causing negative correlation between pre-existing and added
impact. This ”higher-order effect” is inherent in random disturbance of the atmospheric
model state given by any kinds of perturbations. Although this method calculates grid-
point correlations, the effect that the correlation shows is analogue to spatial correlation
concept of ”correspondence in phase” in Murphy (1995). That is, negative correlation
means opposite phase between impact and no correlation means that the phase is shifted
by 1/4 wavelength, or completely randomly for continuous wavy fields like planetary-
scale atmospheric motion. Since convective events distribute intermittently, phase shifts
greater than 1/2 wavelength leads to perfect negative correlation in convection forecasts.
However, if the higher-order effect and phase shifts were a particularly dominant factor,
the correlation coefficient and regression slope would be close to -1. There are factors
mitigating this effect, which will be discussed to answer the latter question.

Answering the latter question is more challenging because it is a combination of several
factors. Aligning with the idea of ”correspondence in phase”, it questions what are factors
leading to subtle phase shifts. One factor is that an anomalous impact typically combines

• Convective updraft leads to strong warm temperature deviations.

Updraft 
in I

Temperature deviation from mean (1 member)
Warmer

Cooler

Warm temperature associated with convective heating



Displacement of convective cells drives negative corr.
104 5. Variance-based assessment

Figure 5.25: Example of temperature impact distributions for (a) IBC, (b) PSP, and (c)
MPP at the 500 hPa pressure level at peak convection (1600 UTC on 15 August). An area
of 180 x 180 km over northern Germany is shown. The colour unit is K. Black, red, and
blue contours indicate location of convective updraft (vertical wind > 1.0 m/s) of ensemble
member 2 in the I, IP , and IPM ensembles, respectively. Refer to the text for letters A,
B and C.

by further adding MPP to that, the convection is displaced and shows paired positive
and negative impacts due to displacement (Fig. 5.25c). The next example, convection on
the south from the sign ”B” indicates that missing convection shows strong sign-reversed
impact between IBC and PSP (Fig. 5.25a,b) and neutral impact of MPP (Fig. 5.25c).
This explains why only PSP responds to the IBC impact; the displacement is unlikely
to survive two paths in the pathway. Last, PSP and MPP impact have an updraft at
the same location (west of ”C” in Fig. 5.25c) but still show the opposite sign of impact.
This is a case that was caused by the displacement in time. Despite the precise location of
convection, the short duration of strong upward heat transport leads to the opposite sign of
impact. Thus, such displacement has a strong effect as a factor pushing anomalous signals
towards the ensemble mean, causing negative correlation between pre-existing and added
impact. This ”higher-order effect” is inherent in random disturbance of the atmospheric
model state given by any kinds of perturbations. Although this method calculates grid-
point correlations, the effect that the correlation shows is analogue to spatial correlation
concept of ”correspondence in phase” in Murphy (1995). That is, negative correlation
means opposite phase between impact and no correlation means that the phase is shifted
by 1/4 wavelength, or completely randomly for continuous wavy fields like planetary-
scale atmospheric motion. Since convective events distribute intermittently, phase shifts
greater than 1/2 wavelength leads to perfect negative correlation in convection forecasts.
However, if the higher-order effect and phase shifts were a particularly dominant factor,
the correlation coefficient and regression slope would be close to -1. There are factors
mitigating this effect, which will be discussed to answer the latter question.

Answering the latter question is more challenging because it is a combination of several
factors. Aligning with the idea of ”correspondence in phase”, it questions what are factors
leading to subtle phase shifts. One factor is that an anomalous impact typically combines

• Displacements of convection in IP result in negative PSP impact. 
• New convection in IP produces positive PSP impact.
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