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Introduction, main goal of the work

Numerical Weather Prediction (NWP) is an essential component of modern weather forecasting, pro-
viding numerical solution to the atmosphere’s governing differential equations, namely the hydro-
thermodynamic equations. These partial differential equations are discretised both in time and space
and are integrated by numerical methods on computers. As a result, the weather forecast is given
in discrete time steps on a three dimensional grid and the system providing the forecast is called the
NWP model. A particularly important and interesting area of NWP called atmospheric data assim-
ilation is in the focus of the dissertation, which is the science of estimating the best possible initial
conditions (analysis) for the hydro-thermodynamic equations. The importance of starting the forecast
from the best possible analysis is extremely high, given the non-linearity of the hydro-thermodynamic
equations, which imply high sensitivity to the initial conditions.

An essential source of information in data assimilation is the background, which is usually a short-
range forecast of the NWP model valid at the analysis time. The background is corrected by the
atmospheric observations providing the analysis during the process of data assimilation. Errors of the
background are unknown and their estimation is of great importance regarding the success of data
assimilation, given the fact that they are taken into account with the aim of giving a proper weight
to the background, and thus, implicitly also to the observations. Another aspect that makes the es-
timation of background errors highly important, is that they are correlated in space, which gives the
mean to spread out the information content of the observations in 3 dimensions. Background errors
of different meteorological variables are also correlated, which enables multivariate adjustments in
the analysis, representing dynamical and physical atmospheric balances.

The thesis focuses on the estimation of background error correlations, and more specifically on its
aspects in a Limited Area Modeling (LAM) framework, namely when the NWP model is integrated
over a certain geographical region of the Earth. The following subjects are discussed in detail: (i)
simulation of background errors and their decomposition to analysis-, lateral boundary- and model
uncertainties, (ii) weather dependence (seasonal and diurnal variability) of background errors, (iii) "a
posteriori" diagnosis and tuning of background errors and (iv) improvement in the representation of
horizontal background error correlations.

The ultimate goal of the work summarized in the dissertation is to improve operational short range
weather forecasts issued at the Hungarian Meteorological Service (OMSZ 1) through the amelioration

1OMSZ: Országos Meteorológiai Szolgálat
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of initial conditions used by the ALADIN 2 model [15] [10], more specifically, through an improved
representation of the background constraint in its data assimilation system [4] [16].

Applied methods

The presented numerical experiments were performed with the Hungarian version of the ALADIN
LAM (ALADIN/HU) using lateral boundary forcing by the ARPEGE 3 and IFS 4 global NWP sys-
tems and the resources of the supercomputer maintained at OMSZ.

The key data assimilation methods applied throughout the thesis work are the three-dimensional vari-
ational (3DVAR) method [13] [14] [6] (for the atmospheric fields) and the Optimum Interpolation
(OI) method [11] (for the surface and soil variables). For the simulation of background errors, mainly
the Ensemble Data Assimilation (EDA) technique [8] [1] [2] is applied, which is based on the Monte
Carlo approach (family of random perturbation methods). The EDA technique is adapted to the LAM
framework by adding perturbations to the lateral boundary conditions besides the perturbation of the
initial conditions (analysis). In the dissertation, the EDA technique is also extended by the pertur-
bation of physical parametrizations (multi-physics approach) in order to represent model errors. Be-
sides the EDA technique, the method of Lönnberg and Hollingsworth (innovation method) [9] [12],
Desroziers (the method of residual covariances in observation space) [7] and the NMC (National Me-
teorological Center) method [14] are also applied as error simulation and diagnostic techniques.

The impact of the presented developments is assessed via data assimilation experiments and through
the verification of short range (2 days) forecasts of the ALADIN/HU NWP system. The verification
methods to assess the model forecast quality are based on comparison with observations and with
interpolated analysis fields of the operational IFS (ECMWF) model, including statistical significance
tests. Given the Fourier representation of background errors in the ALADIN NWP system, several
spectral diagnostics are developed and used (Spectral variance, Spectral Skill Score, Spectral Pertur-
bation versus Error Amplitude Correlation Analysis - PEACA) enabling to study background error
correlations in a decomposition by spatial scales.

2Aire Limitée Adaptation Dynamique Développement International
3Action de Recherche Petite Echelle Grande Echelle
4Integrated Forecasting System
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Results

(i) Background error simulation and decomposition (discussed in Chapter 3)
Error simulation (sampling) techniques applied in a LAM data assimilation framework have been in-
vestigated, as well as the contribution of different uncertainties (i.e. analysis, lateral boundary and
model uncertainties) to the full background forecast uncertainty. All these sources of background
forecast uncertainties have been diagnosed separately and have been compared with each other. It
was found that, given the short range of background forecasts (6 hours), the analysis uncertainty and
the model uncertainty have more important contributions to the full background errors than the un-
certainty in the lateral boundary conditions. Two different representations of the analysis uncertainty
in the background error computations have been compared, namely the dynamical downscaling of
analysis uncertainty from global models (use of global Ensemble Data Assimilation systems for sam-
pling) and a direct representation of the LAM analysis uncertainty itself (use of a LAM Ensemble
Data Assimilation system for sampling). The latter was found to be more efficient to represent LAM
background errors both in terms of a direct diagnosis and in terms of verification scores coming from
assimilation and forecast experiments applying the relevant background error covariance matrices.
The representation of uncertainty in the lateral boundary conditions was assessed by coupling the
LAM error simulation experiments to global ensemble assimilation systems. An attempt has been
made to represent model errors in the background error simulation procedure. This was done by in-
troducing model physics perturbations into the error simulation runs, assuming that an important part
of the model error originates from the imperfections of physical parametrizations. The physics per-
turbations resulted in reasonable additional simulated error structures compared to the perfect model
approach. The background error covariance matrix involving the additional representation of model
errors was tested in real assimilation and forecast experiments, showing an ability to improve short
range forecasts of certain parameters.

(ii) Weather dependence of background errors (discussed in Chapter 4)
The weather dependence of background errors has been studied within a simplified framework.
Namely, the seasonal and diurnal variability of background error diagnostics has been assessed by
running background error simulation experiments over different seasons and valid for different times
of the day. For the investigation of the seasonal variability, background error diagnostics have been
compared based on a summer and a winter error simulation period. Background errors of the summer
period were found to be larger than those of winter, especially on small spatial scales and close to the
ground surface (i. e. in the PBL), which was attributed to more active (and less predictable) convective
processes during the summer. A sensitivity of the forecast quality to the seasonal variability of back-
ground errors was noticed. The representation of this variability through the data assimilation scheme
however did not lead to clearly better forecasts according to experiments done. The diurnal variability
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of background errors was assessed by sampling and comparing diagnostics of two background error
covariance matrices based on simulated errors valid at night- and day-times (i.e. at 00 and 12 UTC).
Background errors valid at day-time were found to be larger than those valid at night-time, especially
for small scales and for the lower troposphere. Again, this difference was interpreted by more active
convection during day-time than during night. An improvement of the forecast was found for some
parameters due to the representation of the diurnal variability of background errors, however some
other parameters were found to be rather insensitive to such changes in the assimilation system.

(iii) "A posteriori" diagnosis and tuning of background errors (discussed in Chapter 5)
It was shown that independently from the background error simulation technique applied, an "a pos-
teriori" diagnosis and tuning of background error variances is always relevant and beneficial in im-
proving forecast performance. Two approaches for the "a posteriori" tuning have been applied and
presented. The first one was applied on all analysis variables and was based on statistical criteria of
optimal estimation theory. The second one was applied on humidity (especially on the multivariate
propagation of its analysis increments into increments of other variables) and was rather based on
empirical considerations. It was shown that both "a posteriori" tuning trials were successful in im-
proving the analyzes and forecasts of the ALADIN model [5].

(iv) Improvements in the horizontal representation of background errors (discussed in Chapter 6)
Two independent attempts have been made to improve the spectral representation of background er-
rors in the ALADIN assimilation system. The first attempt proposes a more advanced implementation
of the isotropy assumption (independence of the horizontal direction) in the spectral correlation com-
putations in the ALADIN 3DVAR code. This modification resulted in marginal improvements, i.e.
it lead to slightly more isotropic analysis increments when including a single observation to the data
assimilation system [3]. The second development aimed to suppress noise from the background er-
rors, which were due to the propagation of artificial grid-point field values from the extension zone to
the spectral forecast differences used for sampling (background error simulation) through the direct
Fourier transform. It was shown that this noise is relevant only in case of large extension zones (i.e.
when the number of grid-points in the extension zone is comparable with those of the full model
domain in one direction), and the replacement of forecast differences in the extension zone by zero
values was proposed in order to get rid of it. The modification was tested on a small size sample and
it was shown that it removes the unwanted noise from the background error statistics.

It is also to be mentioned, that a great proportion of conclusions and technical developments related to
the dissertation is being, or is to be utilized in the operational short range weather forecasting system
of OMSZ (ALADIN/HU).
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Conclusions

It has been shown in the dissertation that short range NWP forecasts are sensitive to modifications of
background errors used in data assimilation, which shows that background error modeling is a science
field of NWP that deserves attention and investment. Indeed, short range weather forecasts of the op-
erational ALADIN model applied at OMSZ have been ameliorated by improving the representation
of background errors in its variational data assimilation system during the thesis work.

In the field of background error sampling, the accurate representation of analysis and model uncer-
tainties turned out to be an outstanding issue, as the contribution of these two components to the
full background error was proved to be the most important. The contribution of lateral boundary
coupling errors to the full background errors was found to be of secondary importance with the ap-
plied model settings used in the thesis work (the importance of lateral boundary uncertainty might be
strongly dependent on the LAM domain size and on the LAM resolution). This finding also implies
that for an improvement of very short range (0-6 hour) NWP forecasts, data assimilation and physical
parametrizations are the two most important areas to be developed.

Concerning weather dependence, both a seasonal and a diurnal variability of background errors was
pointed out in diagnostics, the latter being slightly more important. Both the seasonal and the diurnal
dependence was explained by the variability of convective activity (between winter and summer and
between night and day). The impact of applying a seasonally and diurnally variable background er-
ror covariance matrix (sampled from monthly aggregates) in the data assimilation scheme was found
to be moderate as far as verification scores of 2 days forecasts are concerned. This suggests that in-
stead of using climatological aggregates for sampling, probably a more advanced, real flow dependent
framework (e.g. Ensemble Kalman Filtering, Ensemble of Variational Data Assimilations) is needed
for a proper representation of the time variability in background errors.

It was shown that "a posteriori" validation techniques based on criteria of statistical optimality are
useful and relevant to tune background error standard deviations and multivariate adjustments in the
analysis. The tuning techniques applied in the thesis were successfully improving the short range (2
days) forecasts of the operational ALADIN model at OMSZ.

Two proposals were made to improve the Fourier representation of horizontal background error corre-
lations. The first one provided an improved representation of the isotropy assumption (independence
from direction in the horizontal correlations), while the latter aimed to filter sampling noise originating
from the Fourier transforms applied when computing forecast differences representing background
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errors. Both proposals have been tested through diagnostics, the latter having an important impact
especially in case of large extension zones (horizontal band of additional grid-points used to achieve
bi-periodic fields before applying the Fourier transform). As a consequence, the corresponding code
modification was proposed to be included to the reference version of the ALADIN model.
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