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Abstract The goal of limited area models (LAMs) is to downscale coarse-gridded general circulation
model output to represent small-scale features of weather and climate. The LAM needs information from
the driving coarse-gridded model passing through its lateral boundaries. The treatment of this information
transfer causes inconsistencies between driving and nested models and, subsequently, issues in regional
weather and climate simulations. This work examines errors arising from choices taken by the modeler
(temporal update frequency of boundary data, spatial resolution jump, and numerical lateral boundary
formulation) systematically in an idealized simulation environment. So-called Big-Brother Experiments
were performed with the LAM COSMO-CLM (0.11◦ grid spacing). A baroclinic wave in a zonal channel
was simulated over flat terrain with and without a Gaussian hill. The results reveal that the quality of the
driving data, here represented by simulations only differing from the LAM simulations by reduced spatial
resolution, dominates the performance of the nested model. Consequently, at the simulated mesoscale, the
performance of the nested small-scale model simulations is weakly sensitive to the numerical lateral
boundary formulation (Davies relaxation or the newly implemented, computationally less demanding
Mesinger Eta-model formulation). The performance sensitivity to boundary update frequency and
resolution jump is small when at least 6-hourly updates and a resolution jump factor of maximally six is
used. Gaussian hill LAM simulations illustrated the strength of downscaling; they can represent
small-scale features missing in the coarse-scale driving simulations. In the idealized simulation
experiments, spectral nudging is not advisable as it imprints the driving models deficits on the nested
simulation.

1. Introduction
General circulation models (GCMs) can simulate global-scale climate processes (e.g., Hargreaves, 2010;
Räisänen, 2007) despite their limitations and uncertainties. There is, however, a demand for high-resolution
information on local processes (in weather or past and future climate). Dynamical downscaling adds this
additional small-scale information to predictions and projections (e.g., Giorgi et al., 2009; Mieruch et al.,
2014). The most common approach in climate modeling is one-way nesting: coarse-scale data from a reanal-
ysis or GCM simulation drives a higher resolved limited area model (LAM), which then acts as a regional
climate model (RCM; Rummukainen, 2010). It can simulate small-scale atmospheric processes not resolved
by the GCM and represent land surface characteristics and topography more realistically (e.g., Paeth &
Mannig, 2013). The GCM provides initial and boundary conditions for the RCM, including lateral atmo-
spheric boundary conditions (LBCs), upper and lower boundary conditions (which can be given by the
driving model or via a land surface or ocean model, e.g., Pham et al., 2018). Here, we focus on the LBCs.

Denis, Laprise, et al. (2002) list and explain several sources of LBC-related errors in LAMs based on Warner
et al., 1997 (1997, who gave some guidelines for handling LBC problems in numerical weather prediction)
and Giorgi and Mearns (1999). Some of those are caused by the inherent difference between LAM and GCM
and some by features of the LAMs themselves. In the past decades, several studies have been conducted to
tackle these issues.

In RCM applications, Becker et al. (2015) described large-scale secondary circulations in regional simula-
tions compared to coarse input data, caused by the different representation of topography in RCM and GCM
and dependent on the choice of the RCM domain. Matte et al. (2017) investigated the spatial spin-up that is
necessary for RCMs to develop fine scales from the lateral boundary data. Additionally, RCMs usually use
different physical parameterizations, causing inconsistencies in the model solution.
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GCM output generally has a lower spatial resolution compared to the LAM. Thus, a vertical and horizontal
interpolation is necessary, which leads to interpolation errors. Køltzow et al. (2008) investigated how the
quality of the driving data and the size of the integration domain influences RCM simulations. When the
regional domain is too small, the RCM has problems to correctly simulate large scale patterns. The larger it
is, the more it is able to add features determined by local forcing.

Two factors determined by the spatial resolution and temporal availability of the driving data are the spa-
tial resolution jump, quantified by the ratio of grid spacings of nested and driving model, and the temporal
update frequency. Typical global simulations today, such as those generated in CMIP5 (Taylor et al., 2012),
have grid spacings of 0.5◦ to 4◦ , with the majority ranging from 1◦ to 3◦. Current RCMs, such as those used
for the CORDEX (Coordinated REgional Climate Downscaling Experiment; e.g., Giorgi et al., 2009), use
grid spacings of 0.44◦ and smaller, which results in spatial resolution jumps of roughly 5 to 10. Beck et al.
(2004) tested nesting strategies with an RCM of 12-km grid spacing, which is common for current RCMs,
and concluded that a spatial resolution jump of 10 is acceptable for downscaling over complex terrain; no
intermediate nesting is necessary. With future developments toward GCMs of 25-km grid spacing (Roberts
et al., 2018), resolutions in RCMs also increase (e.g., toward convection-permitting regional climate simula-
tions), which inhibits a reduction of spatial resolution jumps. Brisson et al. (2015) evaluated the influence of
nesting strategies in a convection permitting RCM driven by reanalysis data with grid spacing of 0.75◦ and
conclude that one intermediate nesting step is necessary but also sufficient. The driving data for RCMs is
usually provided every 6 hr and then linearly interpolated to model time steps of well below 1 hr. In future,
however, boundary data might be available hourly (e.g., ECMWF ERA5 reanalysis; Hersbach et al., 2018).
Denis et al. (2003) and Antic et al. (2006) evaluated the two issues with an RCM (grid spacing of 45 km),
concluding that a spatial resolution jump of 12 and 12-hourly updates are adequate, but results can improve
with 6-hourly updates.

A further issue is the mathematical and numerical formulation of the LBCs. LAMs base on atmospheric
dynamics following physical laws. These are formulated mathematically as partial differential equations,
which need LBCs. The equations are solved numerically, and many efforts have been made to formulate
these LBCs optimally for several reduced systems of equations. Examples are listed in the review by McDon-
ald (1999); however, for fully nonhydrostatic equations the optimal solution is not known. Recently, some
efforts have been made to formulate well-posed boundary conditions for the Navier-Stokes equations (Nord-
ström, 2017); this approach might also be used in RCMs in the future. McDonald (2002) stated that good
LBCs have to be transparent. Thus, the LBCs have to fulfil the task of (a) letting small-scale information
generated by the LAM leave the domain without reflection at the outflow boundary, where there is a mis-
match to the GCM boundary data that lacks small-scale features, and (b) transferring large-scale information
provided by the GCM into the LAM domain.

Most LAMs use the Davies relaxation (DR) approach (Davies, 1976). Here, all variables are prescribed at
all lateral boundaries, which means the problem is over-specified (too much information is given at the
LBCs; McDonald, 1999). A sponge zone is introduced to buffer any spurious noise developing at the lateral
boundary, where the internal LAM solution is relaxed toward the driving data. An alternative approach was
introduced by Mesinger (1977) for the Eta-model based on Sundström (1973). This Mesinger Eta-model LBC
scheme (here, abbreviated ME) prescribes less information, thus avoiding overspecification of the variables
at the lateral boundaries and giving the LAM more freedom to develop less restricted by the driving data. The
variables are prescribed at one row at the boundary points except at the outflow points, where the tangential
velocity component is extrapolated from the interior solution. The two schemes have been compared in a
full model by Veljovic et al. (2010) and Mesinger and Veljovic (2013). They encourage the use of the ME
scheme but have only tested it on the not so common Arakawa E-grid.

An often used technique to reduce inconsistencies between RCM and driving data is spectral nudging (von
Storch et al., 2000), which can also reduce the issues developing due to LBC treatment (Omrani et al., 2012).
In spectral nudging, the large scales of the model fields of the RCM are nudged toward the driving fields.
This approach can also be seen critically (e.g., Mesinger & Veljovic, 2017), as it inhibits any improvement of
the large scales by the LAM.

This work aims at assessing the errors arising from the LAM side. Systematic idealized experiments with
several combinations of temporal update frequency and spatial resolution jump are performed with the RCM
COSMO model in Climate Mode (COSMO-CLM, e.g., Rockel et al., 2008). In this idealized setting, it is easier
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to evaluate the nesting errors than in a full model simulation. We use a higher resolution (grid distances
0.11◦) than in most previous studies. We introduce ME in COSMO-CLM and test the two LBC schemes on
the C grid, which is more common in RCMs than the E grid and where it has not been used yet. With the
previous studies and current and future simulations in mind, we answer the following questions:

1. How do resolution jumps in space and temporal update frequency impact the representation of a typical
midlatitude atmospheric phenomenon in an idealized RCM and what are useful ranges for both?

2. What is the impact of using different LBC schemes in comparison to errors caused by resolution jumps
in space and time, and is there a clear advantage of one of the two investigated LBC schemes (DR and
ME) over the other?

3. How does spectral nudging impact the simulations?

To answer these questions, we developed idealized experiments. The advantage of these is that the prob-
lem is reduced to an easy-to-understand setting, only considering dynamics and LBC settings of the model
and omitting physical parameterizations. The test setup is based on the “Big-Brother-Experiment” (BBE)
approach (Denis, Laprise, et al., 2002), where inconsistencies due to different model grids and physics
parameterizaions can be ruled out. We use a synoptic-scale phenomenon for the experiments, a baroclinic
wave (typical spatial scale of 2,000 to 10,000 km) with pressure systems and fronts (typical spatial scale of 200
to 2,000 km), ranging at the transition between mesoscale and macroscale (Orlanski, 1975) and usually well
represented in RCMs. For this, COSMO-CLM is set up as a channel model, based on Ullrich et al. (2015).

2. Method, Model, and Experiments
2.1. Method—The Big-Brother-Experiment Protocol
We use an experiment setup closely following the Big-Brother-Experiment protocol described by Denis,
Laprise, et al. (2002). First, a simulation on a high-resolution grid is performed. Ideally, it would cover the
whole globe, but for practical reasons, it is usually calculated on a large regional domain and is called “Big
Brother” (henceforward BB). The simulation data serves as the reference and the basis for the initial and
boundary conditions of a nested simulation on a smaller domain (the so-called “Little Brother,” LB). The
LB simulation uses the same high-resolution grid, such that it can directly be compared to the reference.
The boundary data, however, is modified in between. A discrete cosine transform filter (see Appendix A for
details) is applied to the BB output data to remove small-scale features with wavelengths below a specified
threshold. This filtered data mimics “real” coarse-resolution driving data; however, it is still given on the
high-resolution grid to exclude interpolation errors and is called “Filtered Brother” FB. Thus, different reso-
lution jumps can be created artificially, and different LBC settings and schemes can be tested by comparing
the LB output to the reference BB output.

The advantage of this strategy is that the errors occurring in LAMs because of reasons other than the LBCs
can be ruled out, as both the generation of driving data and the nested simulation use the same model.

In this work, not only the classical BBE approach is used, but two additional modified setups. First, the BB
reference output is directly used as initial and boundary data for the LB to test the influence of different
temporal update frequencies. Second, additional simulations are performed on the BB domain with lower
resolution, to create spatial resolution jumps as in full GCM and RCM simulations (this “Coarse Brother” is
called CB).

2.2. Model—COSMO-CLM
Simulations were performed with COSMO-CLM, a nonhydrostatic RCM (e.g., Rockel et al., 2008). We used
version COSMO5.0-CLM7 and the preprocessor INT2LM2.0-CLM4 for boundary data generation. For the
idealized experiments, the physical parameterizaions were switched off; there was no diurnal cycle of radia-
tion, and a free-slip lower boundary condition and the atmosphere was considered to be dry. A useful feature
of COSMO-CLM is the possibility to simulate idealized test cases (Blahak, 2015), where simulations with
artificial initial and boundary conditions over artificial topography are possible. The initial conditions for BB
simulations were that of the newly implemented baroclinic wave test case based on Ullrich et al. (2015). The
LB simulations used two different LBC schemes: the default DR and the newly implemented ME (details in
sections 2.2.1 and 2.2.2). BB and LB simulations were performed with grid spacing 𝛥lon = 𝛥lat = 0.11◦, as
in, for example, the EURO-CORDEX project (https://www.euro-cordex.net).
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2.2.1. DR Scheme in COSMO-CLM
The DR has been developed for limited area prediction models (Davies, 1976) and since then has also been
used in RCMs (Marbaix et al., 2003). All variables are prescribed at all boundaries, and a relaxation zone is
introduced to buffer differences between driving and nested model fields because of overspecification and
model inconsistencies. In this zone, the interior model fields are relaxed toward the driving model fields.

COSMO-CLM uses DR as default LBC scheme (Doms & Baldauf, 2015). It is performed as part of the time
integration, with a relaxation term added to all the prognostic equations at each time step, resulting in the
relaxation equation:

𝜓2 = 𝜓1 − 𝛼b
(
𝜓1 − 𝜓b

)
(1)

Here, 𝜓 stands for the 3-D fields of the prognostic variables (temperature, three wind components, air pres-
sure),𝜓1,2 before and after relaxation and the driving fields𝜓b. The 2-D field 𝛼b(d), the attenuation function,
depends on the distance d to the boundary. At the three outermost rows, 𝛼b = 1, when d > width of relax-
ation zone, 𝛼b = 0. In between it follows an exponential decay function. In our experiments the relaxation
zone width is 150 km, corresponding to the recommendations of Schättler et al., 2016 (2016; 10 to 15 times
the grid spacing and less than 0.25 times the domain size).
2.2.2. Mesinger Eta-Model LBC Scheme in COSMO-CLM
Mesinger (1977) developed this approach for the Eta model. It is based on a suggestion by Sundström (1973),
who recommended for hydrostatic models to prescribe tangential velocity at inflow boundaries only and
prescribe all other variables at all boundaries to avoid overspecification.

We implemented this alternative way of treating LBCs in the COSMO-CLM model based on the description
in Black (1988). Originally it was written for an Arakawa-E grid and has been adapted to the COSMO-CLM
Arakawa-C grid. This adaption and the use of a different advection scheme made the following modifications
necessary. First, all prognostic variables are prescribed at the three outermost rows of the regional domain.
Originally, they are prescribed at only one row; however, COSMO-CLM uses a third-order horizontal advec-
tion scheme and needs three prescribed grid points at the boundary. In the fifth row, the normal component
of the horizontal wind is checked. If the grid point is an outflow point, the tangential horizontal wind com-
ponent is extrapolated to the three outermost rows (instead of only one row) and thus not prescribed by the
driving data. Finally, the values of all variables at the fourth row (instead of the second row in Black, 1988)
are averaged from the adjoining points as a buffer between the interior and the boundary fields.
2.2.3. Spectral Nudging
Spectral nudging is a technique where the large scales of the RCM fields are nudged toward the large-scale
fields of the GCM (Omrani et al., 2012; von Storch et al., 2000). The purpose of spectral nudging is to keep
the large scales of the nested model closer to those of the driving model. Inconsistencies at the boundary
can be reduced as the nested model does not drift away from the driving solution. In most experiments here,
spectral nudging is switched off except for some, to investigate its effect on the simulations. If activated, the
COSMO-CLM default settings for spectral nudging are used: Meridional and zonal wind are nudged above
a pressure level of 850 hPa at every time step.

2.3. Experiments
“Big Brother” (BB), “filtered Driving Brother” (FB), “coarse Driving Brother” (CB), and “Little Brother”
(LB) simulations used the same model settings (except for the domain size/location and the LBC modifica-
tions in LB simulations) and the same grid (except for CB with larger grid spacing). Two model setups were
performed: one with flat terrain and one with a Gaussian hill. The hill was represented differently in the
simulations due to different spatial resolutions, which introduced an additional inconsistency of the fields
at the LB lateral boundaries.
2.3.1. The Baroclinic Wave Test Case Experiment
The baroclinic wave test case was originally designed to assess and compare dry dynamical cores of GCMs
(Jablonowski & Williamson, 2006) and is completely determined by the analytic initial conditions. The
background flow is a hydrostatically and geostrophically balanced steady-state jet stream in the northern
midlatitudes. A perturbation in the zonal wind field is added that triggers the baroclinic wave, which devel-
ops over several days. Ullrich et al. (2015) formulated it for regional applications and presented analytic
initial conditions for testing dry 3-D models. The RCMs were set up as channel models around the northern
midlatitudes on an f or 𝛽 plane with flat terrain. The simulation domain represents a tangential plane around
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Figure 1. Mean sea level pressure of the baroclinic wave over flat terrain in the BB simulation (contour interval: 10
hPa). The top and bottom panels show forecast Days 9 and 13, respectively. The blue boxes indicate the BB domain,
orange boxes the LB domain. BB = Big Brother; LB = Little Brother.

the earth at a fixed latitude 𝜑0 with either a constant Coriolis parameter (f plane) or a Coriolis parameter
linearly dependent on latitude (𝛽 plane). The zonal boundary conditions were periodic, while values were
fixed to the initial state at the meridional boundaries. For this work, the f plane version has been imple-
mented in COSMO-CLM (Coriolis parameter 𝑓 = 2Ω sin(𝜑0), 𝛺 being the rotation rate of the Earth). Here,
we used northern midlatitudes, 𝜑0 = 45◦ and vertical Gal-Chen height coordinates with 42 model levels.

We also used a modification of the baroclinic wave test case, with a Gaussian hill added to the terrain which
introduced an additional perturbation of the flow.
2.3.2. BB, FB, and CB simulations
The BB simulations, starting at day 00, hour 00 with initial conditions of the baroclinic wave over flat terrain
or with the hill, respectively, covered 17 days. Ullrich et al. (2015) advised to run the simulations for at
least 15 days. The pressure systems that accompanied the wave became distinct after about 10 days, and
the solution started to degenerate after day 17 when the pressure systems reach the northern and southern
boundaries of the BB domain, where fixed values constrain the simulation. The domain covered a channel
around the Earth in midlatitudes (about 40, 000 × 6, 000 km2, southwest corner at 179.93◦W and 18.88◦N
(blue box in Figures 1 and 2). If present, the Gaussian hill was situated at 87.53◦W and 45.28◦N and had
a height of 750 m and half width of 50 km in the reference simulation (BB). Additionally to BB, three CB
simulations were performed with coarser grid spacings of 0.33◦, 0.66◦, and 1.10◦. The hill was flattened in
these coarse simulations, as would real topography in a coarse-scale driving model, hill properties were
chosen such that the hill had approximately the same volume in all simulations. Finally, the output of BB
was filtered to FB with the technique presented in section 2.1 to represent similar spatial resolution jumps
as the CB simulations (for details, see Appendix A). Simulation properties are given in Table 1.

Figure 2. Same as Figure 1 with Gaussian hill (position indicated by black dot). BB = Big Brother; LB = Little Brother.
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Table 1
Properties of BB and LB Domains and Simulations

Name 𝚫longitude, 𝚫latitude Nx Ny dt
BB 0.11◦ ≈ 12 km 3,272 492 90 s
CB 0.33◦ ≈ 36 km 1,091 164 180 s

0.66◦ ≈ 72 km 545 82 360 s
1.10◦ ≈ 120 km 328 50 450 s

FB 0.11◦ ≈ 12 km 3,272 492 90 s
LB 0.11◦ ≈ 12 km 501 301 90 s

Note. BB = Big Brother; LB = Little Brother; CB = Coarse Brother; FB = Filtered
Brother.

2.3.3. LB Simulations
All the following LB simulations were done twice, once with flat terrain and once with the Gaussian hill. The
domain was approximately 6,105× 3,663 km2, close to the size of the EURO-CORDEX domain, and centered
around 75.43◦E and 45.94◦N (orange box in Figures 1 and 2), just downstream of the area of cyclogenesis.

Temporal update frequency (U) and spatial resolution jump (J) are defined as in Denis et al. (2003) and
Antic et al. (2006). U is the number of lateral boundary updates per day. The model dynamics and numerics
need lateral boundary values at every model time step, so the values were linearly interpolated between the
update times, as is done operationally in LAMs. J is the ratio of resolutions of LB and driving data, and thus
the inverse ratio of their grid spacing. When LBs are driven by BB directly, J = Δlon(BB)

Δlon(LB)
= 1, when driven

by CB, J = Δlon(CB)
Δlon(LB)

. The FB simulations are filtered to the desired resolution jump as described in detail in
Appendix A.

The sets of test simulations are listed below. Unless indicated otherwise, they were done with DR and with
spectral nudging switched off.

1. Temporal update frequency only: Driving data BB, fixed J = 1, U 𝜖 {24, 8, 4, 2}
2. Temporal update frequency and spatial resolution jump: Driving data from CB and FB, U and J varied

(U 𝜖 {24, 8, 4, 2} and J 𝜖 {3, 6, 10})
3. Different LBC schemes DR and ME
4. Spectral nudging

The simulations for tests 3 and 4 are (1) the setting with lowest jumps in space and time: LB driven by
BB hourly (U, J) = (24, 1), and (2) three combinations of typically used jumps: LB driven by CB and FB,
respectively, with (U, J) 𝜖 {(8, 3), (4, 6), (2, 10)}.

2.4. Evaluation
Results of the experiments are evaluated using quarter-hourly mean sea level pressure MSLP. For comparing
the different CB/FB and LB simulations to the reference BB, we used the time-dependent root-mean-square
error (RMSE) over the LB domain, based on equation (16) in Jablonowski and Williamson (2006):

RMSE(t) ≈

√√√√√ΣNx
i=1Σ

N𝑦
𝑗=1

{
MSLP(𝜆i, 𝜑𝑗 , t) − MSLPBB(𝜆i, 𝜑𝑗 , t)

}2w𝑗

ΣNx
i=1Σ

N𝑦
𝑗=1w𝑗

(2)

where 𝜆i and 𝜑j are latitudes and longitudes of the grid points, respectively, and w𝑗 = | sin(𝜑𝑗+1∕2) −
sin(𝜑𝑗−1∕2)| a weighting factor. The area of the relaxation zones is excluded in the evaluation, and the CB
fields have been mapped bilinearly to the BB grid for these calculations.

Next to time series we take the temporal means of RMSE(t) and root-mean-square skill scores, based on the
evaluation methods of the MiKlip project, https://www-miklip.dkrz.de/about/murcss/. It compares means
of RMSE(t) of simulation sim to that of a reference simulation ref:

RMSESSsim,re𝑓 = 1 −
RMSEsim(t)

RMSEre𝑓 (t)
(3)
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Figure 3. Difference (colors) of mean sea level pressure between CB (blue contour lines) and BB (black contour lines)
over the LB domain. Rows show spatial resolution jumps, with flat terrain (first and second columns) and Gaussian hill
(third and fourth columns). Two snapshots in time are shown, day 11 hour 12 and day 14 hour 12. CB = Coarse
Brother; BB = Big Brother; LB = Little Brother.

When RMSESSsim,ref > (<) 0, sim has more (less) skill than ref and when RMSESSsim,ref = 0, they perform
similar.

We evaluate (1) LB simulations and (2) CB and FB simulations linearly interpolated between the temporal
update times (CBi and FBi) to the evaluation time step of 15 min. The latter represent sampling errors due to
the linear interpolation at different temporal update frequencies. The reference are CB and FB simulations,
respectively

3. Results and Discussion
3.1. BB, CB, and FB simulations
3.1.1. General Description of the Wave in Reference BB
As described in section 2.3.1, the wave was induced by a disturbance in the initial field of a zonal midlatitude
jet. Low- and high-pressure systems developed and were visibly pronounced from day 10 over flat terrain,
and several days earlier with the Gaussian hill. As mentioned earlier, all simulations covered 17 days and

Figure 4. Different driving simulations: RMSE between CB and BB (solid lines)/FB and BB (dashed lines) over LB
domain, flat terrain (left), and with Gaussian hill (right) in hectopascals. Colors indicate the spatial resolution jump.
RMSE = root-mean-square error; CB = Coarse Brother; BB = Big Brother; FB = Filtered Brother; LB = Little Brother.
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Table 2
Temporal Update Frequency and Spatial Resolution Jump: Time Means
of Mean Sea Level Pressure RMSEs (Reference = BB Simulation) in
Hectopascals

U
J CB/FB 24 8 4 2
1 0.01 0.06 0.17 0.62
Flat terrain
Coarse
3 0.33 0.33 0.35 0.42 0.79
6 0.94 0.98 0.98 1.02 1.28
10 1.70 1.83 1.84 1.86 2.08
Filtered
3 0.00 0.01 0.06 0.17 0.61
6 0.02 0.02 0.06 0.17 0.61
10 0.06 0.05 0.08 0.17 0.61
Gaussian hill
1 0.01 0.05 0.19 0.68
Coarse
3 1.36 1.07 1.22 1.05 1.21
6 2.21 1.88 1.88 1.88 2.06
10 2.59 2.59 2.64 2.65 3.00
Filtered
3 0.01 0.02 0.06 0.19 0.68
6 0.04 0.11 0.13 0.23 0.69
10 0.13 0.21 0.22 0.28 0.70

Note. LB simulations driven by BB (first and eighth rows), CB (second
to fourth and ninth to eleventh rows), and FB (fifth to seventh and
twelfth to fourteenth rows). The second column shows the RMSEs
of driving simulations CB and FB, the other columns RMSEs of LB
simulations. BB = Big Brother; CB = Coarse Brother; FB = Filtered
Brother; LB = Little Brother.

evaluation was restricted to the last 9 days. Over flat terrain (Figure 1), the pressure systems reached highest
(lowest) values of 1,030 hPa (940 hPa), yielding an amplitude of around 45 hPa. The horizontal extent of the
wave was about 3,000 km in the south-north direction. In the direction of propagation, from west to east, it
had a wavelength of about 3,500 km with a propagation speed of around 50 km/hr. The LB domain covered
an area just downstream of the area of cyclogenesis. The intensity of the low-pressure systems increased
with time.

Figure 2 shows the map plots for the simulation with a Gaussian hill. The hill activated an additional wave,
which starts earlier and further to the east than the one induced by the disturbance in the wind field alone
over flat topography. The two waves add up to pressure systems with an amplitude of 65 hPa.
3.1.2. Comparison of CB and FB Simulations to BB
The difference of the coarse simulations CB and the filtered simulations FB to the fine reference simulation
BB was evaluated over the LB domain. Later, the errors of the LB simulations can be compared to that of the
driving simulations.

Figure 3 shows exemplary mean sea level pressure map plots of differences MSLP(CB) − MSLP(BB) over
the LB domain. The two snapshots in time show low-pressure systems crossing the LB domain. Figure 4
quantifies the differences between CB and BB with the RMSE as time series over 9 days. The left panels
display flat terrain, and the right panels the Gaussian hill. Time means can be found in Table 2.
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Figure 5. Temporal update frequency: RMSE between LB and BB over LB domain, flat terrain (left) and Gaussian hill
(right) in hectopascals. Colors indicate the temporal update frequency. RMSE = root-mean-square error; LB = Little
Brother; BB = Big Brother; MSLP = mean sea level pressure.

All three coarse simulations CB showed similar characteristics, but the errors differ in intensity. Pressure
systems generally crossed the domain faster than in BB, especially in the first forecast days. Fronts were not
as pronounced as in BB. This holds for the simulations with flat terrain and with the Gaussian hill (in the
latter, however, some additional differences are visible in the vicinity and the wake of the mountain). The
mean RMSEs increased with lower resolution and were larger for hill than flat terrain.

The largest errors in the domain were associated with low-pressure systems and fronts (Figure 3), thus,
the RMSEs fluctuate with time; starting low and increasing over time as the pressure systems intensified.

Figure 6. Temporal update frequency and spatial resolution jump: RMSE between LB and BB in hectopascals, flat
terrain (left) and Gaussian hill (right); driven by CB (top, solid lines) and FB (bottom, dashed lines) for different spatial
resolution jumps (colors) and temporal update frequencies U = 4 and U = 24. The thin lines show the RMSEs of the
driving simulations from Figure 4 for comparison. RMSE = root-mean-square error; LB = Little Brother; BB = Big
Brother; CB = Coarse Brother; FB = Filtered Brother.
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Table 3
Temporal Update Frequency and Spatial Resolution Jump: Mean Sea Level Pressure RMSESSsim,ref in Hectopascals of Simulations With Gaussian Hill

sim ∶ CBi∕FBi ref ∶ CB∕FB sim ∶ LB ref ∶ CB∕FB

24 8 4 2 24 8 4 2
coarse 3 0.00 0.00 −0.01 −0.16 3 0.21 0.10 0.23 0.11

6 0.00 0.00 −0.01 −0.07 6 0.15 0.15 0.15 0.07
10 0.00 0.00 −0.01 −0.05 10 0.00 −0.02 −0.02 −0.16

filtered 3 −1.10 −10.47 −34.44 −105.28 3 −1.66 −6.31 −23.51 −88.13
6 −0.07 −1.18 −5.05 −17.02 6 −1.50 −1.86 −4.03 −14.48

10 −0.01 −0.21 −1.26 −5.29 10 −0.63 −0.68 −1.19 −4.45

Note. RMSEs of LB simulations with reference BB are compared to driving simulations CB and FB, as are the interpolated data CBi and FBi representing sampling
errors. CB = Coarse Brother; FB = Filtered Brother; LB = Little Brother.

The Gaussian hill induced the development of pressure systems earlier, resulting in larger RMSEs at the
beginning of the evaluation time.

In the filtered simulations FB, the problem was narrowed down further, as here the difference in model
solutions arising from different grid spacings was excluded. The grid spacing was the same as in BB, while
the range of represented scales in the simulations was reduced. Thus, the positions of the pressure systems
remained unchanged. The baroclinic wave was well resolved by the scales larger than the ones that are
cut off, so only smaller features such as fronts and the shape of the low-pressure system center were modi-
fied. Hence, the difference between the three FB and the reference BB simulation were small (Figure 4 and
Table 2).

3.2. LB Simulations
LB simulations were driven by BB (constant J = 1 and varying U) and compared to BB. Figure 5 shows
RMSE(t) for different U and the first and eighth rows in Table 2 the time means. In real RCM simulations,
temporal and spatial resolution jumps occur combined. As reported in section 1, typical values are J = 10
and U = 4.We show LB simulations with U 𝜖 (24, 8, 4, 2) and J 𝜖 (3, 6, 10), where simulations are driven by
CB and FB. Some exemplary time plots are shown in Figure 6, time means of RMSEs are given in Table 2,
and RMSESSs for the Gaussian hill case are in Table 3.
3.2.1. Temporal Update Frequency
Big Brother driving data BB. As expected, RMSEs increase with decreasing U. The areas of largest errors are
around the low-pressure systems and the fronts, which are generally too weakly represented with low tem-
poral update frequency. The simulations with Gaussian hill introduce an additional inconsistency between
BB and LB as long as the influence of the hill is larger than that of the wave induced by the initial wind
field perturbance in the driving data. So in the beginning of the evaluation period, errors are slightly higher
(Figure 5). Later, the flow is dominated by the driving data and the errors align with those without the hill.
In the simulations with Gaussian hill, the LB simulations can counteract the sampling error of the driving
data, as the RMSEs for BBi are 0.01 ∕ 0.09 ∕ 0.27 ∕ 0.81 for U = 24 ∕ 8 ∕ 4 ∕ 2, larger than the errors of LB
(Table 2, first and eighth rows).

Coarse driving data CB. Both with flat terrain and Gaussian hill, RMSEs at U = 2 (LBC update every 12
hr) are large in comparison to U > 2 (Table 2). The 12-hourly update is not able to sufficiently transfer the
information of the passing pressure systems from the CB to the LB, which is also evident in the skill scores
of the interpolated CBi data compared to CB (Table 3, top left block). Skill scores are negative for U = 2,
and approximately 0 for U > 2. Overall, an update frequency of U = 4 appears to be sufficient for larger
spatial resolution jumps (J ≥ 6), as then the error is explained by the CB error and increasing the temporal
update frequency does not help. At J = 3, however, a temporal update of 3 hr (U = 8) seems to be superior
to 6-hourly (U = 4), coinciding with the estimate for the largest acceptable nesting time interval by Matte
et al. (2017). Constraining the LB with “wrong” CB boundary data in a higher frequency does not improve
the simulations.
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Filtered driving data FB. Here, as already mentioned, the positions of the pressure systems are correct in the
FB simulations, resulting in overall much smaller errors than in the simulations driven by CB. Varying U
has a strong influence on the RMSE in the LB simulations. With the Gaussian hill, again, errors are larger
than those of the driving simulations FB. RMSESS reach large values (Table 3, bottom row), as the reference
errors are very small. Still, in the Gaussian hill case, LB simulations can counteract the sampling error n
the majority of cases, when the MSESS of LB are smaller than those of FBi As, however, the errors of LB
simulations are multiple times larger than those of the driving FB simulations at U ≤ 4, a 3-hourly boundary
update (U = 8) seems reasonable.
3.2.2. Spatial Resolution Jump
Coarse driving data CB. The error becomes larger with increasing J, following the error of the CB driving
data (Figure 6 ). Especially in the simulations with the Gaussian hill, the added value of the nested model
is visible. The errors of LB compared to BB are smaller than the ones of CB (RMSESSLB,CB > 0; see Table 3,
top right block) for J < 10, but for J = 10 they are the same (U = 24) or larger (U < 24). This indicates
that the nested LB simulations can produce features lacking in the CB simulations, mainly in the first half
of the evaluation time when the influence of the hill is stronger than that of the pressure systems induced
by the wind perturbance in the driving simulations. The LB simulations can recover the flow downstream
of the hill, by using the correct high-resolved topography, although it is represented deficiently in the CB
driving data due to smoothed topography.

Filtered driving data FB. With flat terrain, the influence of varying J is minimal compared to that of varying
U. With the Gaussian hill, a weak dependency on J is visible which is stronger for increasing U.
3.2.3. Different LBC Schemes DR and ME
The exemplary simulations that have been performed with Mesinger Eta-model LBCs perform similarly to
that with DR. RMSEs are sometimes smaller and sometimes larger for ME than for DR, but the differences
are small. Consequently, the use of ME should be considered, especially since DR has the inherent disad-
vantage over ME of being computationally more costly, as more data at the boundary cannot be used for
evaluation.
3.2.4. Spectral nudging
Simulations with spectral nudging perform similar to those without. The data used for nudging is the CB
and FB data, which differs from the “true” reference data BB. Thus, the regional fields are nudged toward
the wrong solution and spectral nudging has no beneficial effect.

4. Conclusions
In this paper, we investigated the errors arising from the choices with regard to the lateral boundary
conditions when using a LAM. We used an idealized experiment setting in the Big-Brother-Experiment
framework. For this, the baroclinic wave test case on the f plane in a dry atmosphere was implemented in
the RCM COSMO-CLM. It was used for producing driving data for nested simulations: reference simula-
tion BB, coarse CB simulations independent of BB, and filtered driving simulations FB. An alternative LBC
scheme (Mesinger Eta-model LBCs, ME) was successfully adapted to the Arakawa C-grid and implemented
in COSMO-CLM. Different nesting strategies were tested by varying the LBC formulation (ME or DR), tem-
poral update frequencies and spatial resolution jumps, and the use of spectral nudging. We answer the three
questions that were raised in the introduction:

1. For temporal update frequency, U = 4 (6-hourly) is the suggested lower limit. Less frequent lateral
boundary updates resulted in insufficient representation of the synoptic-scale phenomena at the lateral
boundaries, but updates more often did not reduce errors considerably. The use of 3-hourly (U = 8)
boundary data improved the simulations only when errors are low (i.e., the simulations driven by FB),
otherwise, erroneous boundary data (i.e., CB) prescribed too often is detrimental to the LB simulation.
With coarse CB, the errors in the driving data dominated the nesting errors in LB simulations. Errors
increased with larger J, explained by the decreasing quality of the CB driving data. In the case with Gaus-
sian hill, the LB was able to reduce errors when J ≤ 6. With FB, LB simulations with all spatial resolution
jumps J ≤ 10 performed similar, as the synoptic-scale baroclinic wave was sufficiently represented in
the filtered driving data.
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2. In the idealized simulations of the synoptic-scale baroclinic wave, no clear advantage of either of the two
LBC schemes could be seen. ME, however, has the advantage of having a smaller boundary zone, thus
needing less computational resources.

3. In these idealized experiments, there was no benefit of applying spectral nudging, as it imprinted the
driving models deficits on the nested simulations driven by CB. With FB driving data, the inconsistencies
at the boundaries are small anyway, so that spectral nudging had a very small effect.

Over flat terrain, the performance of LB simulations was close to that of the driving CB and FB simulations.
The beneficial effect of a LAM with higher resolution was visible in the case with Gaussian hill. Here, due
to the better representation of processes downstream of the hill, the LB simulations were closer to the refer-
ence BB than the driving simulations CB. The nested simulations were strongly dependent on the quality of
the driving data and insensitive to the two LBC scheme. It should be considered to use the ME LBC scheme,
as it performs similar to the widely used DR and is computationally less demanding. Although driving data
with high temporal resolution are available (e.g., ECMWF ERA5 reanalysis, Hersbach et al., 2018), for down-
scaling to grid spacings of about 10 km, from our experiments we recommend 6-hourly lateral boundary
updates and spatial resolution jumps of up to 6.

Even here in these idealized experiments, the benefit of downscaling and the impact of nesting strategy
was noticeable. For more robust statements and expanding the investigations to regional climate modeling,
especially regarding the LBC scheme and the validity of previous recommendations of temporal and spatial
resolution jumps for models with higher resolution, more experiments should be conducted, for example,
at the convection permitting scale, which is used more and more in RCMs and where LBCs have not been
investigated systematically yet. A next step could consequently be a test with improved representation of
small-scale physics, clouds, and precipitation instead of the synoptic-scale baroclinic wave, to include other
known sources of added value of an RCM, next to the better representation of topography as here the Gaus-
sian hill. We expect larger inconsistencies between driving data and RCM simulation, resulting in larger
sensitivity to the nesting strategy.

Appendix A: Discrete Cosine Transform Filter
Filtering is done with the technique presented in Denis, Côté, and Laprise (2002). The 2-D fields on all model
levels of the Big Brother (BB) variables which are necessary for boundary input for the Little Brother (LB)
are transformed to spectral space with the discrete cosine transform. Then, wavelengths below a certain
threshold are filtered by a transfer function to represent a coarser model solution. Figure A1 shows the
transfer functions for three different resolution jumps which are squared cosines. The transfer function
is 0 below the threshold wavelength 𝜆min, 1 above 𝜆max = 2𝜆min, and a squared cosine in between. The
cutoff wavelength is set to the approximate resolution of a corresponding coarse Brother simulations with
resolution jump J: 𝜆min = J × 2 × grid distance LB (values in Table A1). Finally, the data are transformed
back to physical space with the inverse discrete cosine transform, and these filtered Brother data are still
given on the high-resolution BB grid.

Figure A1. Transfer functions for the discrete cosine transform filter to generate FB from BB. DCT = discrete cosine
transform. FB = Filtered Brother; BB = Big Brother.
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Table A1
Threshold Wavelengths Defining the Transfer Functions for the Discrete Cosine
Transform Filter to Generate FB From BB

J 𝜆min 𝜆max

3 73.26 km 146.52 km
6 146.52 km 293.04 km
10 244.20 km 488.40 km

Note. FB = Filtered Brother; BB = Big Brother.
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