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ABSTRACT
Most regional numerical models in the atmospheric sciences use temporally interpolated data provided by
other low-resolution models, either for a gridpoint coupling at their lateral boundaries or for a spectral
nudging of the large scales in the entire domain. In some cases, such as fast-propagating storms, these interpolations can seriously corrupt the meteorological fields.
This article shows how to use an operational high-pass filter of the surface pressure field to detect and to
localize a propagating storm, and to use this information to locally reinject the available uncorrupted storm in
the coupled model. This is achieved by applying a technique of gridpoint nudging in a subarea of the domain,
limited to a compact region around the eye of the depression. As an application it is shown that this restores
the strength of the storm, while leaving the model state in the rest of the domain quasi intact. It is then
discussed how this can improve numerical weather prediction and regional climate models.

1. Introduction
Limited-area models (LAMs) are widely used in meteorology for making weather forecasts and regional
climate studies. Their domains are much smaller than
the ones of global models so the available computing
resources can be used more efficiently to increase the
resolution over a particular area of interest. Models of
higher resolution allow us to resolve more details of the
weather features and should therefore better simulate
high-impact weather types, such as storms and extreme
precipitation. Limited-area models are also gaining more
attention in climate applications, in particular to estimate
the detailed regional impact of climate change (see, e.g.,
Christensen et al. 2007).
Compared to global models, LAMs suffer from additional limitations due to their lateral boundaries conditions (LBCs). These limitations are essentially of two
different types. First, the mathematics of the formulation of these LBCs still shows shortcomings (McDonald
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2005, 2006; Termonia and Voitus 2008;Voitus et al. 2009)
and this induces model errors that propagate toward the
interior of the domain (Nutter et al. 2004; Nicolis 2007).
Additionally, the data used at the lateral boundaries are
provided by another host model with a domain that includes the domain of the LAM within its own model
domain. The host model has a coarser resolution and a
larger time step than the time step of the LAM. Moreover, within modeling applications, it is usually impossible to produce model output at all time steps, so the
data from the host model are interpolated in time to
obtain data with a time resolution corresponding to the
time step of the LAM. In many applications, the coupling data are available with time intervals of 3 h, but it
can be, for instance in climate modeling, even up to 6 h
(see, e.g., Radu et al. 2008).
In Termonia (2003) it was shown that using coupling
data with a time resolution of 3-h intervals may lead to
errors at the boundaries of up to 8 hPa. In a later study
Termonia et al. (2009) confirmed that errors of even up
to 11 hPa could be made in high-impact storms, such as
the famous Lothar storm of 1999 (Wernli et al. 2002). In
fact, as shown in Tudor and Termonia (2010), the problem
is more severe than that. Interpolating in time actually
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corrupts the spatial structure of the storm creating a
system of two cyclones instead of one. The extent of the
corruptions becomes worse for larger time intervals. This
problem of the temporal update frequencies has been
studied in the context of regional climate modeling (see
Denis et al. 2003; Dimitrijevic and Laprise 2005; Frigon
et al. 2010), but no specific attention was paid to the
problem of extreme storms.
Using interpolated data with too large time intervals is
essentially a problem of undersampling. In Termonia
(2004) it was shown that, in forecasts of extreme storms,
boundary errors due to an undersampling of the data can
be detected in model runs by relying on a high-pass filter
of the mean sea level pressure within the host model.
This information can be used either as extra information
for the user of the model or it can be used to improve the
sampling procedure. In the latter case, the obvious solution is then to let the host model produce more frequent coupling data in order to get a proper sampling
of the coupling data. Since it is known in advance when
the fields will be undersampled, the needed increase in
data transfer can be limited to a few hours in time. In
Termonia et al. (2009) it was found that such corruptions
happen only very rarely (at most a few times per year),
so such a procedure does not substantially change the
overall needed data transfer between the host and the
LAM on a yearly basis.
In Termonia et al. (2009) it was shown that restarts for
the model run at the time of the boundary error detection can be useful to improve the strength of the storm.
By carefully choosing the restart time, one can be sure
that the storm is inside the domain of the LAM and thus,
no corrupted data are used on the lateral boundaries.
However, as mentioned in that paper, by applying a
boundary error restart all the available information from
the data assimilation of the original run is completely lost,
which represents a serious drawback. The present article
offers a solution to this. Instead of making a complete
restart it is shown that the high-pass-filtered mean sea
level pressure fields can be used to localize the eye of the
depression, and that this information can be used to inject the storm of the host model locally into the domain
of the coupled model. In that case, the storm of the host
model is not coupled on the boundary, but instead injected in the domain, 3 h later on its storm track, without
being corrupted by any lateral boundary coupling or by
any temporal interpolation.
Nudging is a popular tool in atmospheric modeling. In
the context of a coupling between a host model and a
LAM, nudging has been used to adapt the large scales of
a high-resolution limited-area model to the content of a
driving global model (von Storch et al. 2000; Radu et al.
2008) by nudging the spectral coefficients. This technique

is popular in climate applications to avoid that the large
scales of the regional model start to deviate from the
ones of the global model. In the present paper, a novel
nudging technique in the spatial domain will be proposed. It will then be argued that this new gridpoint
nudging may also help addressing the dual-cyclone problem that was mentioned in Tudor and Termonia (2010).1
This paper is organized as follows. In section 2, a
perfect-model setup (see de Elı́a et al. 2002) will be
explained, that will be the basis of the experiments presented in this paper. The temporal resolution in coupled
models is discussed and a brief review of the method
proposed in Termonia (2004) is given. It will be explained
how this method can be used to inject a storm within a
boundary error restart (BER) of a forecast that has been
corrupted by the temporal interpolation (see Termonia
et al. 2009). The weakness of the restarts proposed in that
paper will be reiterated and a nudging-based workaround
will be presented. In section 3 the results of a validation of
this method are presented and it will be shown how the
gridpoint nudging solves the temporal resolution problem
of an incoming storm while keeping the forecast farther
inside the domain quasi-intact. This paper will then be
concluded with a discussion of how this technique may
help improving numerical weather prediction and climate models on limited areas.

2. The temporal resolution problem and localized
gridpoint nudging
a. The perfect-model experiment
We set up an experiment following the idea of the Big
Brother approach proposed by Denis et al. (2002) and
de Elı́a et al. (2002) [see also Laprise et al. (2008) for a
review] using a forecast of the famous Lothar storm on
26 December 1999 [see Wernli et al. (2002) for a description]. The model used for the present study is the
Aire Limitée Adaptation Dynamique Développement
International (ALADIN) model developed by the
ALADIN International Team (1997). This model is a
spectral limited-area model following the ideas of Haugen
and Machenhauer (1993) and uses the Davies scheme
(Davies 1976) for imposing the lateral boundary conditions. This scheme relaxes the solution to the large-scale
solution of the coupling model within an area of eight grid
distances wide, inside and near the lateral-boundaries of
the LAM domain.
First a forecast was carried out on the domain shown
in Fig. 1 with a resolution of 10 km, using coupling data
coming from an old operational forecast by the global
1

In that paper it was called the dipole problem.
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FIG. 1. The perfect-model run with a resolution of 10 km at
0900 UTC. The contour interval is 2 hPa. The depth of the eye of
the depression is 970.8 hPa.

Action de Recherche Petite Echelle Grande Echelle
(ARPEGE) model of Météo-France, based on the
0000 UTC analysis of 26 December. The output data of
this global model were interpolated to the model grid
of the 10-km perfect-model domain, and the fields were
then spectrally fitted (i.e., after the gridpoint interpolation they were transformed to spectral space and elliptically truncated to the spectral resolution of the target
domain). Figure 1 shows the mean sea level pressure
(MSLP) of this storm after the 9-h forecast lead time.
These model data and the ones later in the forecast
will be considered as our perfect-model data (i.e., the
truth) for the subsequent experiments. It will be called
pm10.
To mimic realistic model behavior, a model setup was
then created to have a low-resolution model of 40-km
resolution. The initial fields and the coupling data for
this model were produced by interpolating the 10-km
resolution perfect-model output to a 40-km resolution
host-model grid, and applying a spectral fit. The ALADIN
model was then run on the 40-km resolution domain
using these data for the initialization and for the coupling at the lateral boundaries during the forecast. The
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initial state of this run was initialized by a digital-filtering
initialization (DFI) according to Lynch et al. (1997). This
model setup, together with its output, will be referred to
as the host model, or shorthandedly ho40, henceforth.
An overview with the role and the description of all the
present models in this paper is given by Table 1.
The only difference between ho40 and pm10 is the
resolution and the fact that ho40 is coupled to pm10.
For the rest they are exactly the same version of the
ALADIN model. Additionally we have chosen the domains of both these two experiments sufficiently large
to ensure that the cyclogenesis of the storm happens
entirely within their domains. Thus, the Lothar storm
in the ho40 model run is not coupled at the lateral
boundaries from the storm in the pm10 run. So the main
difference for resolving the storm in these two experiments is the difference in resolution.
Figure 2 shows the output of the ho40 model run corresponding to the Lothar storm case in the perfect model
presented in Fig. 1 at 0600, 0900, 1200, and 1500 UTC.
Note that the depth of the depression is 976.4 hPa, which
is considerably less deep than the depression in the perfect model, being 970.8 hPa. This shows that the lack of
resolution at 40-km resolution erodes the storm by 6 hPa
compared to 10-km resolution.
Nevertheless, it is not our aim to study the performance
of the resolution here, but to study the effect of the interpolations. So these 40-km resolution host-model data
will be used as the coupling data for downscaling this
storm to 10 km on a smaller subdomain indicated in the
panels of Fig. 2. This model domain will be referred to as
the guest domain and the model on this domain will be
called the guest model, or shorthandedly gu10 in Table 1.
Specifically the 40-km resolution output of the host model
is interpolated to the 10-km resolution grid of the guest
model and subjected to a spectral fit, and the resulting
fields are then used as initial fields and the lateral
boundary coupling data for the guest-model downscaling runs.
It should be stressed here that the perfect-model setup
presented in this paper is not exactly the same as the one
presented by de Elı́a et al. (2002). In that paper, the
fields on the host domain are obtained by applying a
low-pass filter to the 10-km resolution perfect-model

TABLE 1. Overview of the different models used for the experiments.
Expt

Short name

Start time

Perfect model
Host model
Guest model
Restart model
Gridpoint model

pm10
ho40
gu10
rs10
gn10

0000 UTC
0000 UTC
0000 UTC
BER 1 3 h 5 1200 UTC
BER 1 3 h 5 1200 UTC

Resolution Coupled to
10 km
40 km
10 km
10 km
10 km

—
pm10
ho40
ho40
ho40

Role
Provide the ‘‘truth’’
Provide the coupling data for gu10, rs10 and gn10
Provide a reference run of the LAM
Test restart as in Termonia et al. (2009)
Test the new gridpoint nudging
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FIG. 2. The host-model output of the Lothar storm at 40-km resolution: (a) at 0600 UTC (the depth of the depression is 978.6 hPa), (b) at 0900 UTC (976.4 hPa), (c) at 1200 UTC (975.8 hPa), and (d) at 1500 UTC (975.2 hPa).
The rectangles in (a)–(d) show a subdomain that has been used as a guest domain for a limited-area model. The
contour interval is 2 hPa.

fields and using these fields as coupling fields. By contrast, in the experiments in the present paper, the model
is intentionally run on the 40-km resolution host domain
and the output of this run is used as coupling data. The
difference between both strategies lies in the manner in
which the small-scale features in the host domain are
dynamically built up. For instance, in our tests, the
structure of this storm at the time of the coupling at the
lateral boundary is determined by the 40-km resolution
model dynamics outside the domain of the guest model.
If we had followed the same method of de Elı́a et al.
(2002) the structure of the storm would have been determined by the 10-km resolution run outside the domain, that would have, a priori, been stronger than the
40-km resolution one, but that would have been flattened out by the spectral filtering afterward. Tests have
been carried out also with exactly the same procedure as
in de Elı́a et al. (2002). However, it is our aim in this paper
to demonstrate the applicability of the gridpoint nudging
in operational situations, where the perfect-model data
are not available. Hence, we restrict the presentation to
the operationally inspired perfect-model tests.

b. The temporal resolution problem and the
boundary error restart
A good illustration of the temporal resolution problem is the creation of dual-cyclone systems, as exemplified by Tudor and Termonia (2010). An example is
shown here in this context by a 6-h interpolation of the
mean sea level pressure (MSLP) in the Lothar storm in
the host forecast. For the perfect-model test, it can be
seen from Fig. 2 that at 0600 UTC, the depression is
outside the Davies relaxation zone of the guest domain,
while at 1200 UTC it is well inside its domain. At all time
steps between these two times, one uses temporally interpolated fields of these two fields as coupling data in
the Davies zone. Figure 3a shows the linear interpolation between the depression at 0600 UTC (corresponding to Fig. 2a) and at 1200 UTC (Fig. 2c).
Instead of having the depression at the location shown
in Fig. 2b, two small troughs (indicated by the two arrows), that is, a dual system of two small depressions can
now be seen at the two locations where the depression
was at 0600 UTC (see Fig. 2a) and at 1200 UTC (Fig. 2c).
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FIG. 3. An illustration of the temporal resolution problem. (a)
The temporal interpolation between 0600 and 1200 UTC of the
40-km resolution host-model output, taken in the middle of the
time interval (i.e., 0900 UTC, with the same conventions as in
Fig. 2) and (b) the high-pass-filtered logarithmic surface pressure
field at 0900 UTC with a 3-h cutoff. The two troughs of the dualcyclone structure are indicated by the two arrows.

If the interpolated fields are used as coupling data for
the smaller domain indicated in the figure, almost nothing will be coupled at the lateral boundary.
In most applications in numerical weather prediction
nowadays the coupling interval is smaller than 6 h, the
typical value being 3 h, so the corruption by the interpolation will not be as extreme as in this example. However,
as shown in Fig. 1d in Tudor and Termonia (2010) even for
3-h interpolation intervals such dual-cyclone structures can
be artificially created within the coupling data. In climate
applications the generation of coupling data from global
models is much more expensive and sometimes 6-h intervals are used (see, e.g., Radu et al. 2008).
A second effect of temporal interpolation has been
shown in Termonia et al. (2009), namely, that depressions
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are always less deep after the interpolation than in the
original data. For instance, in that paper it was shown
that a linear interpolation could remove as much as
11 hPa from the eye of the depression of an extreme
storm such as the Lothar storm.
In the present experimental setup, we apply the highpass filter of the surface pressure introduced in Termonia
(2004) within the host model. The result at 0900 UTC
can be seen in Fig. 3b. It shows a clear structure located
at the place where the storm is at this time. The details
of this filter are explained in Termonia (2004), but it is
necessary to recall here that the filter is a recursive filter,
exhibiting a time delay of about 1.5 h. So the center of the
feature in the filtered fields does not precisely coincide
with the center of the depression, but it is very close to it.
As explained in that article, this filtered field is a
measure for the part of the evolving field whose information is lost after the time evolution has been sampled
with a 3-h interval. It can thus be used in an operational
setup of the downscaling to detect potential errors due to
the temporal interpolation. This field is computed within
the host model but this is done well before the run of the
guest model. So this allows, in operational forecasts, to
anticipate the temporal resolution problems.
Both coupling data of the host model and the filtered
field are then used to carry out tests in the guest model.
Figure 4a shows, as a reference, the result at 1200 UTC
of the perfect model limited to the guest domain. The
depth of the depression is 973.3 hPa. Figure 4b shows
the result of the forecast run on the guest domain at
1200 UTC, carried out with the host coupling data and
a temporal interpolation with 3-h intervals. The depth
is now 978.2 hPa, compared to 975.8 hPa in the host
model in Fig. 2c.
In Termonia et al. (2009) it was proposed to use the
filtered fields in Fig. 3b to restart the forecast 3 h after
the error has been detected on the boundary of the domain. This was referred to, in that paper, as a BER. This
restart is actually a downscaling of the coupling fields
from the host model starting from 1200 UTC instead of
0000 UTC. At that time we are sure from the detection at
0900 UTC, that the storm is inside the domain and it will
not be corrupted by the temporal interpolation.
A crucial element of the restart procedure in Termonia
et al. (2009) is the initialization at restart time by a scaleselective digital filtering initialization (SSDFI). Indeed,
it has been shown in that paper that fast-propagating
storms, such as the Lothar storm, can be seriously weakened when applying a standard DFI, due to a Doppler
effect shifting the signals in the frequency domain to the
part that corresponds to the gravity waves. Therefore,
also in the present paper, the BERs are initialized by a
SSDFI, exactly in the same way as in Termonia et al.
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FIG. 4. The Lothar storm at 1200 UTC of (a) the perfect-model run (973.3 hPa), (b) the run
on the small domain with boundary data coming from the 40-km run (978.2 hPa), (c) a restart
with boundary data coming from the 40-km run (976.1 hPa), and (d) the gridpoint nudging with
boundary data coming from the 40-km run (976.2 hPa).
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(2009), with the cutoff period of the filter2 taken as 1 h
and cutoff wavenumber kc 5 2p 3 1025 m21, corresponding to a wavelength Lc 5 100 km [see Termonia
(2008) for details concerning kc and Lc].
A boundary error restart has been carried out at
1200 UTC within the guest domain of the present experimental setup. This run is referred to as rs10 in Table 1.
The MSLP at the restart time of this run is shown in
Fig. 4c. The depth of the depression has now improved
with respect to the perfect model in Fig. 4a (i.e., 976.1 vs
973.3 hPa). However, it is important to note here that one
can never aim to improve the strength of the storm
deeper than the host model. Indeed, in real applications
the perfect model is not available, only the imperfect
host-model coupling data are available. The improvement of the BER must therefore be compared to the
low of 975.8 hPa of the host model in Fig. 2c.
Note that in Termonia (2003), an interpolation error
of 8 hPa has been observed, and in Termonia et al.
(2009) it has been demonstrated that even errors of
more than 11 hPa could be made. This strongly depends
on the exact location of the storm with respect to the
location of the lateral boundaries. This has been studied
at length in the mentioned papers and is not the subject
of the present one. In the present setup the boundary
errors are considerably less deep than in those papers,
but the effect is nevertheless clearly present.

c. The gridpoint nudging restart
Termonia et al. (2009) also made the remark that a
BER has a serious shortcoming. Indeed after the BER at
1200 UTC, all the information that has been resolved by
the guest model at 10-km resolution is lost. This is a
problem for the run in those parts of the domain that are
not influenced by the boundary errors. In the present
setup this is the case for the weather in Scandinavia,
which is mostly influenced by the stationary low over the
North Sea. In applications with data assimilation, any
information in that area, originating from the analysis at
0000 UTC, will be completely lost after the restart.
The goal here is to propose an improvement of the
BERs. We will do a restart but with initial model-state
fields that are constructed in the following manner. First
take the filtered 40-km field at 1200 UTC, as in Fig. 3b
and localize its maximum. This will be the center c of two
circles. The first circle is chosen such that it contains the
area where the weather is dominated by the depression.
This is achieved by choosing its radius d1 such that the
2
The tests presented here were carried out with a Dolph–
Chebyshev filter applied with stop-band edge of 1 h, a time span of
0.833 h, and ripple ratio r 5 0.05. See Lynch (1997) for an explanation of these parameters.
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circle’s area is 4 times larger than the area where the
filtered MSLP field is larger than some threshold. This
threshold was empirically chosen to be the maximum
filtered field value divided by 3. The second circle is
defined by a radius d2 that is 200 km larger than the first
circle’s radius d1. These two circles can be seen in Fig. 4d.
Note that the center c of these circles does not coincide
with the center of the storm. This is an effect of the time
delay of the recursive digital filter. Nevertheless, this
error is moderate, and if the inner circle is chosen sufficiently large, we are sure the eye of the storm will lie
inside it.
Then we construct a function a(d) which depends on
the distance d of the grid point to the center c, and define
8
0
if d # d1
>
>
"
#
>
<1 1
(d d1 ) (d2 d)
ﬃ if d1 , d , d2 ,
1 Erf 2 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a(d) 5
2
2
>
(d d1 )(d2 d)
>
>
:
1
if d $ d2
(1)
which is infinitely flat at the boundaries d 5 d1 and d 5
d2. So by construction a(d) 5 0 within the inner circle
and a(d) 5 1 outside the outer circle. This is the same
function as used by Boyd (2005) for the relaxation at the
lateral boundaries. A gridpoint nudging is then carried
out for all the fields of the model state at the initialization of the restart as
Fnudg 5 [1

a(d)]FLS 1 a(d)Frun ,

(2)

where Frun represents all the fields of the guest-model
run at the time it is interrupted for the gridpoint nudging. The fields FLS are obtained by interpolating the
40-km host-model field to the guest domain and spectrally fitting it to the 10-km scales. The result of this
gridpoint nudging at 1200 UTC can be seen in Fig. 4d. It
can be seen that the depth of the depression (976.2 hPa)
is practically the same as the one in the restart in Fig. 4c
(976.1 hPa). A forecast run is then carried out with these
fields as initial state and this is referred to as the gn10
experiment in Table 1.
The effect of the BER and the gridpoint nudging later
at 1500 UTC can be seen in Fig. 5 (i.e., the perfect-model
run in Fig. 5a, the guest-model run on the small domain
with boundary data coming from the 40-km run in Fig.
5b, a restart with boundary data coming from the 40-km
runs in Fig. 5c, and the gridpoint nudging with boundary
data coming from the 40-km run in Fig. 5d). From these
panels one concludes that the gridpoint nudging reproduces practically the same improved depth (975.6 hPa) of
the depression as the restart (975.4 hPa).
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FIG. 5. The Lothar storm at 1500 UTC of (a) the perfect-model run (974.5 hPa), (b) the guestmodel run on the small domain with boundary data coming from the 40-km run (977.1 hPa),
(c) a restart with boundary data coming from the 40-km run (975.4 hPa), and (d) the gridpoint
nudging with boundary data coming from the 40-km run (975.6 hPa).

Unauthenticated | Downloaded 01/09/23 08:22 AM UTC

1300

MONTHLY WEATHER REVIEW

Note that in Termonia (2003) and Termonia et al.
(2009) some errors were detected of about 10 hPa in the
interpolation. The extent of such errors critically depends on where the storm is located with respect to the
Davies zone at the times of the coupling updates. In the
experiments presented here in Fig. 5 the differences in
the MSLP are not as big as that. In fact the aim of the
present paper is to test what happens far away from the
storm and not the storm itself. Specifically, the experiments presented here were designed in view of testing
precipitation rather than for testing the strength of the
storm, as will be explained in section 3. In particular, the
size and location of the guest domain was chosen in
order to have those precipitation structures well inside
the domain (i.e., within the rectangles in Fig. 5). For a
detailed study of the potential errors of the MSLP due to
the temporal resolution problem, we refer the reader to
Termonia et al. (2009).
Besides the depth of the storm, its strength has also
been checked by means of the kinetic energy in the 10-m
wind field in a circle of 1000-km radius around the eye
of the storm at 1500 UTC. This showed that the guestdomain run lost about 7% of the kinetic energy compared
to the perfect-model run and that both restart and gridpoint nudging restored about 2.5% of this lost energy.3
As pointed out before, the BERs have the disadvantage that any information resolved by the model in the
small scales during the interrupted forecast, will be lost
at the restart. Indeed, in the specific case of the uninterrupted forecast in our experimental setup, as presented
in Fig. 5b, the fields will contain information at scales
from 40 down to 10 km. This information is built up by
the dynamical adaptation between 0000 and 1200 UTC.
In the restart in Fig. 4c, all of this small-scale information
is lost at the time of the restart since this restart replaces
the 10-km fields by the 40-km fields of the ho40 run. Of
course, they have been spatially interpolated to the guest
domain to a resolution of 10 km, they have been subjected to the spectral fit, and the subsequent SSDFI has
balanced them out dynamically, but the information of
the previous dynamical adaptation in the 0000–1200 UTC
interval is lost. This drawback is not present in the
procedure of the gridpoint nudging. Indeed, by choosing
a(d . d2) 5 1, the fields in gridpoint nudging run in
Fig. 4d at 1200 UTC start from the dynamically adapted
field Frun outside the outer circle, while taking the storm
of the ho40 run within the inner circle. As can be seen
from Fig. 4d, this storm is injected inside the inner
3
The full 7% cannot be restored since this corresponds to the
perfect model, which in operational applications is not available.
As said above, the forecast is improved by injecting the 40-km
storm, which is weaker than the perfect-model storm.
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TABLE 2. Root-mean-square error for the 10-m wind speed and
2-m temperature compared to the perfect model at 1500 UTC in
the Lothar storm case, for the forecast with the temporal interpolation (FC), the restart (RS), and the gridpoint nudging (ND).
Screen-level parameter

FC

RS

ND

10-m wind speed (m s21)
2-m temperature (K)

0.834
0.401

1.054
0.576

0.845
0.433

domain of the guest model and not in the Davies relaxation zone. Therefore, it has not been corrupted by
any temporal interpolation and it is not one of the dual
cyclones of the artificial dual-cyclone structure. So the
gridpoint nudging combines the best of both worlds (i.e.,
the information created by the dynamical downscaling
in the 0000–1200 UTC interval outside the outer circle is
combined with the uncorrupted large-scale storm of the
ho40 run in the inner circle). The relaxation by the
factor a in Eq. (2) provides a smooth transition between the two.
To test the benefits of the gridpoint nudging with respect to the BERs in Termonia et al. (2009), we will verify
the output of the 10-m wind speed, 2-m temperature, and
the precipitation within the small box in the panels of
Fig. 5. Additionally the result of a verification of one of
the cases in Termonia et al. (2009) will be presented.

3. Validation
This section will verify if the gridpoint nudging
method attains its purpose by investigating the temperature and wind fields for two cases: (i) the Lothar
storm case, which was considered in the previous section; and (ii) the storm of 8 December 2007, which is
discussed in Termonia et al. (2009). Additionally the
precipitation output of the gridpoint nudging will be
compared with the ones of the restarts.

a. The Lothar storm
We validate the improvement of the gridpoint nudging with respect to the restarts by verifying whether the
forecast is improved in a part of the domain that does
not include the depression center or the Davies relaxation zone, as indicated in Fig. 5. Table 2 shows the
root-mean-square error calculated with respect to the
perfect-model field of the 10-m wind and 2-m temperature over this box area. From this it can be seen that the
restarts (RS) increase the error of both the 10-m wind
speed and 2-m temperature with respect to the coupled
forecast (FC), but that a gridpoint nudging (ND) has
about the same error as the forecast.
Figure 6 shows the accumulated precipitation between 1500 and 1800 UTC for the 4 model runs: (Fig. 6a)
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FIG. 6. Accumulated precipitation (mm) between 1500 and 1800 UTC lead time for the Lothar storm case: (a)
perfect-model run, (b) uninterrupted run coupled to 40-km-resolution run, (c) forecast with restart at 1200 UTC, and
(d) forecast with gridpoint nudging at 1200 UTC.

the perfect-model run, (Fig. 6b) the uninterrupted forecast with boundary data coming from the 40-km run, (Fig.
6c) the forecast with a restart at 1200 UTC, and (Fig. 6d)
the forecast with gridpoint nudging at 1200 UTC. These
figures already give a qualitative confirmation that the
restart alters the small-scale features, while they are maintained by the gridpoint nudging method.
To formalize the qualitative conclusions drawn from
Fig. 6, the precipitation fields of the runs on the guest
domain are verified against the perfect model with the
SAL method of Wernli et al. (2008). This method characterizes the quality of a forecasted precipitation field by
means of three components: structure, amplitude, and
location. The structure component characterizes the size
and shape of the precipitation objects and ranges from 22
(predicted precipitation objects too small or too peaked)
to 2 (predicted precipitation objects too large or too flat).
The amplitude component also varies between 22 and 2,

with a value of 22 indicating an underpredicted total
precipitation amount and a value of 2 indicating an
overpredicted total precipitation amount. Finally, the
location component quantifies whether the predicted
precipitation objects are situated at the correct location,
and ranges from 0 (predicted precipitation objects at
correct position) to 2 (predicted precipitation objects at
incorrect position). It should be noted that for all three

TABLE 3. SAL scores of the three runs on the guest domain
verified against the perfect-model run. The three runs are forecast
without restart (FC), forecast with restart at 1200 UTC (RS), and
forecast with restart and gridpoint nudging at 1200 UTC (ND).
SAL component

FC

RS

ND

Structure
Amplitude
Location

20.054
0.013
0.021

20.151
0.117
0.063

20.058
0.025
0.026
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FIG. 7. Accumulated precipitation (mm) between 33-h and 36-h lead time of the 0000 UTC forecast of 8 Dec 2007 over
(a)–(d) Norway and over (e)–(h) Austria. (a),(e) The perfect-model run; (b),(f) uninterrupted run coupled to the 40-km
resolution run; (c),(g) forecast with restart at 30-h forecast lead time; and (d),(h) forecast with gridpoint nudging at 30-h
forecast lead time.

components, a value closer to 0 indicates a better
prediction.
The scores of the three runs on the guest domain are
listed in Table 3. These scores clearly indicate that the

precipitation from the uninterrupted run matches the
precipitation of the perfect-model run very well. The
scores of the run with a restart at 1200 UTC are significantly worse, while the run with gridpoint nudging
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TABLE 4. SAL scores of the three runs on the guest domain
verified against the perfect-model run for the 2007 case. The three
runs are forecast without restart (FC), forecast with restart at 30-h
forecast lead time (RS), and forecast with gridpoint nudging at 30-h
forecast lead time (ND).
Norway
SAL component
Structure
Amplitude
Location

FC

RS

Austria
ND

FC

RS

ND

0.069 20.165 0.084 20.076 0.274 20.078
0.031
0.100 0.050
0.924 1.359
0.949
0.052
0.052 0.042
0.197 0.355
0.209

yields scores that are almost as good as the uninterrupted
run.

b. The storm of 9 December 2007
The temporal resolution problem that was encountered at 30-h forecast lead time during the operational
0000 UTC ALADIN run on 8 December 2007 is discussed at length in Termonia et al. (2009). It has been
verified that the gridpoint nudging method provides the
same depression depth as the BER method for this case.
In this section the focus lies on the improvement of the
gridpoint nudging method over the restart method regarding the preservation of built-up precipitation fields.
Figure 7 shows the precipitation fields in two parts of
the domain (Norway and Austria), that are far enough
from the depression center, and that do not intersect
with the Davies relaxation zone of the LAM domain.
This figure illustrates that the gridpoint nudging method
succeeds in maintaining the precipitation field that was
built up before the restart, while this information is
discarded by the restart method. This is confirmed when
investigating the SAL scores given in Table 4, where the
scores of the gridpoint nudging run (ND) lie very close
to the scores of the uninterrupted run (FC), whereas the
scores of the restarted run (RS) are significantly worse.
It should be noted that the scores of the BER and the
gridpoint nudging methods cannot be expected to beat
the scores of the uninterrupted run. Indeed in the uninterrupted run the fields are created by the dynamical
downscaling in the 0000–1200 UTC interval, whereas in
the gridpoint nudging run there is the extra SSDFI that
may produce some additional errors. The aim of this section is to demonstrate that the gridpoint nudging method
restores the precipitation field of the uninterrupted forecast on the guest domain. The validity of this claim is demonstrated by the scores given in Table 4 and by a qualitative
comparison of the fields in Fig. 7.

4. Discussion
The aim of the present article was to find a better
way to handle the corruption by the temporal resolution

1303

problem when coupling high-resolution models to models
of coarser resolution. The effect of these interpolations is
twofold: (i) it weakens the storm and (ii) it creates dualcyclone structures in the interpolated fields.
A strategy for dealing with this problem was already
given by Termonia et al. (2009) by relying on boundary
error restarts. The upshot of the present paper is that the
drawback of these restarts (i.e., the loss of information in
regions remote from the center of the storm) can be
improved by a localized gridpoint nudging. This is achieved by relying on the high-pass-filtered MSLP fields
proposed in Termonia (2004) to (i) detect boundary errors and (ii) to localize the eye of the storm. Since the
temporal interpolation always weakens a storm, the best
available fields, at the time of the restart, are actually the
ones of the low-resolution host model. The localized
gridpoint nudging allows us to inject these fields within
the forecast of the guest model, while leaving the forecast
in the other parts of the domain quasi-intact. This feature
was validated by means of a verification of the precipitation, 10-m wind, and 2-m temperature in two relevant
cases in an operational weather forecast system.
The validation was restricted to perfect-model-type
tests, which, by their nature, do not include any data
assimilation in the guest model, but allow us to make the
cleanest possible tests of the effect of the lateral boundary
conditions. The aim of the present work was to demonstrate that the method works and the improvements are
proportional to the difference between the host model
and the guest model. In an operational setup with data
assimilation in the guest model this difference will be
even more pronounced and the improvements will be
even larger.
Although this lies outside the scope of the present
paper, the results in the present paper may also be of
importance for regional climate modeling. Indeed, Radu
et al. (2008) use coupling data provided by a global
model with 6-h intervals and spectrally nudge them in
the upper atmosphere. As shown here in Fig. 3, this can
lead to dual-cyclone structures in the inner domain of
the LAM. Additionally, in climate modeling studies of
high-impact weather, the above-mentioned weakening
of the interpolated storms may distort the extremes in
the probability distribution functions. The high-pass
filter of Termonia (2004) could be considered in this
context to identify the extremes, and a downscaling
combined with gridpoint nudging may turn out to be
beneficial. Specifically, if the high-pass filter is implemented in a regional climate model, the climate
downscaling is carried out as before, but after it has been
carried out, for each detected storm, an additional short
downscaling is performed that is initialized with a gridpoint nudging and a scale-selective DFI, which does not
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use spectral nudging. The extreme values are then taken
from these additional runs. Of course, the improvements
will have to be studied with respect to the internal variability of the regional climate model (see Weisse et al.
2000) and this is expected to depend on the domain size
(see, e.g., Alexandru et al. 2007), which is a problem that
has not be tested within the context of the perfect-model
setup in the present paper.
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